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Abstract

This document presents the investigation of an end-fire antennaimplemented in alaminated
LTCC (Low Temprature Co-fired Ceramic) material. The antenna could be employed in a
brick architecture phased array for use in an Advanced Extremely High Frequency (AEHF)
Military Satellite Communication terminal. The work includes the design, analysis,
fabrication and measurement of antenna prototypes at 44.5 GHz. The radiating element
consists of a'Y agi-like antenna fed by a microstrip transmission line and buried into the
dielectric material. Relatively good agreement between simulated results and measurement
were obtained. The results show that this radiating element could be used in an AEHF
Communication terminal. Future work will involve the study of its electromagnetic behaviour
in an array configuration. Asthe LTCC material has not previously been characterized up to
45 GHz, a study to extract the electrical properties of the LTCC material was also carried out
and is reported in this document.

Résumé

Ce document présente |’ étude d’ une antenne a rayonnement longitudinal implantée dans un
matériau laminé appelé LTCC (Low Temprature Co-fired Ceramic). Cette étude est reliée au
développement d’ un réseau a déphasage pour |es systémes de communications militaires par
satellites. Ce travail inclus|’ étude, I’ analyse, lafabrication et la mesure de prototypes réalisés
a44.5 GHz. L’ antenne élémentaire consiste en une antenne de type Y agi alimentée par une
ligne microruban, et noyée dans le matériau diélectrique. Une bonne corrélation est obtenue
entre les résultats provenant de simulations et les mesures. Les résultats montrent que cet
élément rayonnant pourrait étre utilisé pour des systémes de communication en bande EHF.
La prochaine étape est I’ étude du comportement électromagnétique de cette antenne dans une
configuration en réseau. Comme le matériau LTCC n’ a précédemment pas été caractérisé
jusgu'a 45 GHz, une étude a été menée pour extraire les propriétés électriques du matériau
LTCC. Cetravail est également reporté dans ce document.
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Executive summary

The requirement for greater bandwidth in military satellite communication systems has
resulted in the development of communications systems operating in the Extremely High
Frequency (EHF) band. To satisfy the Canadian Forces requirement for greater bandwidth, the
Department of National Defence has approved the procurement of a communication

capability at EHF under the Protected Military Satellite Communications (PMSC) Project.
This capability will be developed in collaboration with the United States Department of
Defense under the Advanced Extremely High Frequency (AEHF) Military Satellite
Communication system. The end goal isto provide the Canadian Forces with arobust, secure,
worldwide military satellite communications capability.

The project reported in this document concerns the study, design and fabrication of aradiating
element operating in the upper bandwidth of the AEHF frequency spectrum suitable for usein
aphased array terminal antenna. The antennais designed to be integrated in an array having a
brick architecture. With the motivation of realising low cost phased array modules and to
reduce the interconnection complexity in RF front end systems, alaminated packaging
technology is considered. This technology, the low temperature co-fired ceramic (LTCC),
enables packaging of passive and active RF components within alow loss dielectric material
in amulti-layer topology.

The LTCC technology has been used extensively for several yearsto fabricate RF circuits,
active or passive, for systems operating mostly below 10 GHz. This technology is still under
development for systems working at higher frequencies. Particularly, as only afew documents
report the dispersive material characteristic for frequencies up to 40 GHz and none for higher
frequencies, an aspect of this project was to design and fabricate circuits to extract the
material characteristics at our operating frequency of 44.5 GHz. A large part of this document
concerns the design, measurement and analysis of circuits for the extraction of material
properties. The characteristics of the LTCC material extracted using resonant and non-
resonant circuits are similar to the results found in the literature, and this work extends the
knowledge of its dispersive characteristics up to 45 GHz.

The radiating element investigated for AEHF communication systems consists of a 'Y agi-like
antenna fed by a microstrip transmission line. The antennaiis buried into the dielectric
material, which acts as a protective radome. Due to the high operating frequency (44.5 GHz)
the radiating element is physically small, on the order of afew millimeters. Constraints
inherent to the LTCC fabrication process must be carefully taken into account in the design
stage. Some prototypes were realized on several wafers at 44.5 GHz and the measurements
were analysed thoroughly. The measurements show that the predicted impedance bandwidth
isachieved. They also indicate the limititation of this technology, especially as the dimensions
of the various circuits approach the fabrication tolerances. Future work will involve the study
of the behaviour of thisradiating element in an array configuration in order to realize a
compact and low-cost phased array with a brick architecturein LTCC technology.

Clénet, M. 2005; Design and analysis of a Y agi-like antenna element buried in LTCC
material for AEHF communication systems, DRDC Ottawa TM 2005-055; Defence R&D
Canada — Ottawa.
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Sommaire

La demande d’ élargissement de la bande passante pour les communications militaires par
satellite a engendré I étude de systémes de communications opérant en bande EHF. Le
ministére de la défense nationale a donc initié le développement d’ une technol ogie canadienne
unigue dans le cadre d' un projet de réalisation de systémes de communications militaires
canadiennes par satellite. Ce projet canadien est une partie intégrante du projet « AEHF
SatCom », un projet américain de communications militaires par satellite en bande EHF.

Ce document décrit I’ étude, la conception et lafabrication d' un élément rayonnant
fonctionnant dans la bande fréquentielle supérieure du spectre AEHF. L’ antenne est congue
pour étre intégrée a un réseau d' architecture de type brique. Dans le but de réaliser des
modules de réseaux a déphasage afaible colt et de réduire la complexité d’interconnections
dans les systemes RF, une technologie d' encapsulation par stratification est considérée. Cette
technologie, appelée LTCC (Low Temperature Co-fired Ceramic), permet I’ encapsulation de
composants RF actifs et passifs dans un matériau diélectrique afaibles pertes au moyen d’ une
topologie multicouche.

Latechnologie LTCC est utilisée intensivement depuis plusieurs années pour la fabrication de
circuits RF, passifs ou actifs, pour des systemes fonctionnant a des fréquences inférieures a
10 GHz. Elle est toujours en dével oppement pour des systémes fonctionnant a des fréquences
plus élevées. Plus précisément, peu de documents reportent les caractéristiques dispersives de
ce matériau jusqu’ a 40 GHz, et aucuns a des fréquences supérieures. Un aspect important de
ce projet était donc de concevoir et fabriquer des circuits afin d’ extraire les caractéristiques du
matériau LTCC alafréquence de fonctionnement de 44.5 GHz. Les caractéristiques du
matériau LTCC déterminées a partir de la mesure de circuits résonants et non résonants sont
similaires aux résultats disponibles dans |alittérature. Ce travail prolonge la connaissance de
ces caractéristiques dispersives jusqu’ a45 GHz.

L’ éément rayonnant étudié pour des systémes de communications en bande EHF consiste en
une antenne de type Y agi alimentée par une ligne microruban. L’ antenne est noyée dansle
matériau diél ectrique agissant comme raddéme protecteur. A cause de la fréquence d' utilisation
élevée, I’ éément rayonnant est physiquement petit, de |’ ordre de quelques millimetres. Les
contraintes imposées par |e processus de fabrication LTCC doivent étre soigneusement prises
en compte dans la phase de conception. Quelques prototypes ont été réalisés a 44.5 GHz sur
plusieurs plaquettes et |’ analyse des mesures montre gque la bande passante escomptée est
obtenue. Elle met également en évidence les limites de cette technologie quand les dimensions
des divers circuits flirtent avec les tolérances de fabrication. La prochaine étape est I’ étude de
cet élément rayonnant dans une configuration en réseau afin de réaliser un réseau a déphasage
d’ architecture de type brique a faible colt en technologie LTCC.

Clénet, M. 2005; Design and analysis of a Y agi-like antenna element buried in LTCC
material for AEHF communication systems, DRDC Ottawa TR 2005-055; R & D pour la
défense Canada — Ottawa.
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1. Introduction

1.1 Goal

The goal of this project isto develop aradiating element suitable for usein a phased array
antenna having a brick architecture [1]. End-fire radiating elements are required for thiskind
of architecture. The application of the antennais for an Advanced EHF (AEHF) satellite
communications terminal operating at 44.5 GHz.

L ow temperature co-fired ceramic (L TCC) was selected as the packaging technology. This
technology is mostly used in industry for low frequency applications, but is being investigated
for packaging high-frequency components like the elements of the phased array antenna
discussed in this report. This technology is summarized in the next section.

A survey of the literature on LTCC reveals that most realisations are in frequency bands lower
than 30 GHz. This document will provide insight into the complexity of using LTCC
packaging at higher frequencies. Indeed, at this frequency some dimensions are on the order
of the fabrication tolerances of this specific process.

1.2 LTCC technology

LTCC isamulti-layer material used for subsystem packaging. It offers many advantages for
high-density integration of RF to millimetre-wave integrated circuits [2]. It is therefore an
attractive technology for packaging phased array modules, where the size at millimetre-wave
frequenciesis an important issue [3]. The circuits implemented with other processes, such as
GaAs MMICs (monalithic microwave integrated circuits), are assembled in a multi-layer
configuration using printed lines, vias and even ball grid arrays (BGA). Figure 1 shows some
examples of devicesrealized in LTCC technology.

1.2.1 Description

This process uses a low temperature firing temperature, usually below 1000 °C, typically
850 °C. Thisisagreat advantage compared to other processes, because low loss conductors
such as silver and gold can be used as their melting temperatures are above the LTCC firing
temperature. Some LTCC materials are also low loss, even at high frequency. DuPont, for
instance, offers an LTCC tape with 0.002 loss tangent at 40 GHz. Ferro also proposes alow
loss material. The Ferro A6 material has a dielectric constant of 5.7 and loss tangent of
0.0012.

[Enter report no.] 1
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Point-to-multipoint transceiver for 24.5

0 265 GHz (Source: IMST, Germany) LTCC RF power amplifier module for base

station applications

Source: “RF and Microwave Componentsin
LTCC", L. Devlin, G. Pearson, J. Pittock -
Plextek Ltd., B. Hunt - CMAC Micro
Technology, April, 2001

Source: http://www.dilabs.com/Dipak/benefits/1dipak.htm

Figure 1. Examples of LTCC realisations

The LTCC processis shown in Figure 2. Starting from arolled dielectric tape, the layers are
first cut and dried. The layers are then perforated where connections between transmission
lines on different layers are needed. The cylindrical holes are filled with metal to ensure
reliable contacts. The next step is to print the conductors on each separate layer. Then comes
the collating step, followed by lamination using controlled pressure. Finally, the assembled
circuit isfired at a peak temperature of 850 °C. The post-processing operation consists of
integrating the various components by direct soldering, using wire bonding or BGA as shown
in Figure 3.

This process must be quite precise in order to realize circuits with predictable characteristics.
For instance, the lamination must be performed with a specific pressure for a precise duration.
Thefiring step is also strictly controlled in temperature and time. This phase is very
important, asthe LTCC material is shrinking during this stage, and the percentage of
shrinkage depends on this process. Detailed information can be obtained from the material
providers[4]-[8].

The LTCC material we are considering is provided by DuPont [4]. DuPont proposes several
LTCC green tapes. One of them is especially suitable for RF applications, the Dupont 943
tape. This tape has a 107 um fired thickness. Its dielectric permittivity is 7.1 and its |oss
tangent is 0.002.

2 DRDC Ottawa TM 2005-055
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1.2.2 Constraints due to the LTCC Process

As mentioned previously, the LTCC fabrication process must carefully follow a number of
steps to achieve the desired result. Only afew companiesin the world have the tools,
knowledge and skills to fabricate circuits using this technology. The most important ones are
listed in Appendix 1. Also, LTCC fabrication imposes constraints on the design. The
constraints depend on the LTCC material itself, and also on the tools used for fabrication. The
main constraints for various L TCC materials and manufacturers are also listed in Appendix 1.
In this section, we will focus on the constraints imposed by the LTCC process used by the
manufacturer for this project, VTT Electronics, Finland (VTT is afinnish acronym standing
for Valtion Teknillinen Tutkimuskeskus). These constraints also affect our design. Their
complete design guidelines are available online [9]. Figure 4 summarizes the main parameters
affected by these guidelines or contraints.

Postfired
external conductor

Co-fired
external conductor

Conductor

Internal conductor thickness

Dielectric
layers
Dielectric
thickness
Staggerad Stacked Postfired Thermal vias Thermal vias
vias vias resistor [electrically insulated)
Resistor width w  Resistor length Via cover pad
|
¥
*—
Gridded — ¢ Via center to
ground plane . part adge
L ]
Ground plane — - =
L ] L
Via pitch L] * @
* Conductor to
= - y part edge
{ ; |

Resistor/ conductor
overlap

Via cover pad to
conductor spacing

Line width  Line spacing

Figure 4. Parameters affected by the LTCC process
(source of the drawing: Thales Microsonics)

Thefirst constraint is that the thickness of the LTCC sheet isfixed at 107 um after co-firing.
A minimum of five layersisrequired to produce arigid substrate, and the part size can be up
to 114x114 mm? (4.5"x4.5”). The minimum line width is 100 um, as well as the minimum
line spacing. This constraint is a critical issue as the width of a’50 Q microstrip line embedded
in the material is 99 um. The maximum line width is 1.5 mm with unlimited length. The use
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of 90°-bend lines is recommended for optimum line width control, but 45°-bend lines are
allowed. The printed lines must be at least 380 um away from the substrate edge.

Buried large metallic planes, such as ground plane, can not be realized. With large metallic
planes, the dielectric sheets on both side are not in contact, and there is arisk of de-lamination
of the substrate. Therefore, gridded metallic planes are used instead of solid ones. The grid
pattern must cover less than 50% of the area with metallisation. As mentioned in the
guideline, the preferred plane uses 250 um lines and 550 um spaces. Note that solid conductor
areasin the gridded plane can be used locally to improve RF performance.

Cavities in the substrate can be realized, but their geometrical characteristics must also
follows guidelines. First, the cavity floor must have a minimum fired thickness of 380 um.
This corresponds to a minimum of four layers. The cavity walls must be at least 3.0mm apart.
Any printed line in the cavity must be at least 200 um from the cavity walls. The printed lines
outside of the cavity must be at least 250 um away from the cavity walls. Also, any vias
(metallized holes) must be at a distance of 2.5 times their diameter from the cavity wall.

Guidelinesfor vias also exist. Vias can go through only one layer at atime. Stacking vias can
be done, but resultsin a bump on the surface. To avoid this, staggering of viasis
recommended. Vias should then be staggered for connection between metallizations separated
by several layers . The minimum via diameter is 150 um. The minimum distance between vias
on asingle layer is 2.5 times the via diameter, and the minimum distance between two
consecutive staggered viasis twice the via diameter. The vias must be at least three times their
diameter away from the substrate edge. Constraints also exist on the catch pads, which are the
metallisation at the extremities of the vias. The catch pads must be at least 50 um larger than
the viadiameter.

The rules described here must be followed in the design procedure to avoid any problem
during the fabrication phase.

1.3 Antennaconsiderations

There are basically two kinds of antenna array architectures, the brick architecture and thetile
architecture. Asdescribed in [1], the tile architecture is a multi-layer assembly of the different
components of the phased array. The radiating elements, usually printed antennas, are on the
top layer. The amplifiers are on alayer below the radiating elements, the phase shifters on the
next lower layer, and then finally other components as required. With the brick architecture,
the array is divided into modules realized on separated boards. Each module contains the
radiating element (end-fire type), the amplifier, the phase shifter, the filter, and other
components. All modules are juxtaposed to form the complete phased array.

Each array architecure type requires different types of radiating elements. The printed
antennas, like patch antennas (which have a direction of radiation normal to their geometry)
are suitable for arrays with atile architecture. The end-fire antennas, whose radiation direction
is the prolongation of the antenna structure, are preferred for arrays of brick architecture.
Different kinds of end-fire antennas exist, and were considered for this project. Aperture
antennas, such as horn and open-ended waveguide antennas, are one example. They can also
be implemented using laminated technology, like LTCC [10]. The tapered slot antennas [11]
are antennas widely used in phased arrays for radar applications as they exhibit large
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impedance bandwidth. Printed dipoles are also other candidates as radiating elements for

brick architecture arrays. However, dipole antennas have both forward and backward
radiations, which is undesirable for this application. The Y agi-Uda antenna is another antenna
that can be used for thisarray [12]. Basically, The Y agi-Uda antennais alinear array of
dipoles. A dipole placed behind the driven dipole acts as a reflector whereas additional

dipoles placed in front serve as directors. Recently, aquasi-Y agi antenna, or Y agi-like
antenna, has been developed in printed technology [13], and has shown potential for array
applicationg[14]. The reflector of the quasi-Y agi antenna, shown in Figure 5, isrealized by the
ground plane of the feeding circuit. The radiating element has only one director, and thus
exhibits a wide beamwidth in the main planes.

Antenna plane Director

[ 4 D)

Ground plane

Figure 5. Overview of the Yagi-like antenna

The quasi-Y agi antennais seleted as the radiating element as it possesses the required
characteristics for our application in the AEHF band. However, this antenna requires further
investigation for our application. Indeed, contrary to previous published works, the antenna
will be built flush into the material and not printed at the air-substrate interface. Thiswill
affect its characteristics, like the impedance bandwidth, as the near field will be mostly
confined in the thick dielectric substrate.
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2. Design of the Antenna and its Feeding System

The antenna design has been carried out using two different commercia software packages. a
simulation tool based on the method of moments, Zeland I1E3D [15], and a software package
based on finite element methods, Ansoft HFSS [16]. |E3D software was first used for
optimizing the different parts of the radiating element independently. HFSS was used for
providing the electromagnetic characteristics of the overall structure. This two-step approach
was adopted to reduce the computation time. Using Zeland |E3D, the optimization of the
elements can be done faster than with Ansoft HFSS. But firstly, line dimensions (length,
width) were estimated using conventional analytical expressions that can be found in [17].

The radiating element we consider is shown in Figure 6. It consists of a Y agi-like antenna fed
by amicrostrip line [13]. A microstrip to coplanar stripline (CPS) transition was designed to
provide the necessary balanced feed. The circuit is buried in the material. The microstrip
components are realized on a one-layer thick substrate over atruncated ground plane. Three
layers are covering the circuit. The dipole and its director are embedded in the middle of the
material, with three ceramic layers below and above.

Radiating element

Coplanar line over ground J— _ (driven dipoleand
“-dlirector)

180° delay line
50 Q microstrip line

N
A

Quarter wavelength transformer

Ground edge

Coplanar lines

Figure 6. Yagi-like antenna with its feeding system

The microstrip line, the quarter-wavelength transformer, the 180° delay line, the CPS lines
and the radiating element have been optimized independently. The coplanar strips, with or
without ground plane, were designed under the constraint of a 150 um spacing. The ground
planeis completely metallized, and not gridded as required by the design guideline, to reduce
the complexity of the problem and the computation time. The optimization process for each
component is described in the remainder of this section.
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2.1 The microstrip lines

The LTCC process dictates that the distance between the microstrip and the ground must be a
multiple of the layer thickness. A spacing of one layer has been chosen, to avoid the exitation
of anon-negligible amount of power into the the surface wave mode [17]. When covered with
adielectric superstrate the impedance characteristic of the microstrip line changes as the near-
field distribution is modified. In the present case, the microstrip lineis printed on an LTCC
DuPont 943 substrate, 107 um over the ground plane. Figure 7 shows the variation of the
characteristic impedance of amicrostrip line with the superstrate thickness as a parameter.
These curves are from analytical equations obtained with conformal transformations[18],
[17]. They do not take into account frequency dispersion. Note that the impedance variation
due to the superstrate thickness becomes negligible above a 2-layer thickness.

Microstrip line on DuFPont943 substrate 0.107 rmum over ground, epsr=7 .1
80 T T T T T T T

-1
L)

o
)

LR
o]

Characteristic Impedance (Ohimns)

I
L]

30
0.03 0.075 0.1 0.125 0.13 0.175 0.2 0.225 0.25
Line width (o)

Figure 7. Characteristic impedance of a microstrip line as a function of the line width with superstrate of
different thickness

As an example, the line width for a 50 Q2 characteristic impedance when the microstrip lineis
not covered by any superstrate is 136 um. When covered by a 321 um superstrate, the line
width dropsto 98 um, and to 96.5 um with 428 um superstrate. In the second case, the line
width is dightly less than the minimum possible line width given by the manufacturer. More
accurate values have been calculated using a full wave simulation software package, |E3D.
Similar results have been found; a 50 Q2 characterictic impedance is obtained with a microstrip
line width of 128 um with no cover, and of 99 um when covered with a 321 um superstrate.
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2.2 The power divider

The power divider is one of the components of the microstrip to CPS transition needed to feed
the Y agi-like antenna (Figure 6). It must equally divide the power transmitted from one 50 Q
microstrip line to two 50 Q2 microstrip lines. A quarter-wavelength transformer is then used to
match the impedance. The quarter-wavelength transformer usually exhibits narrow band
behaviour [19], but it is sufficient for the present application. A 35.35 Q line impedanceis
necessary to accomplish this operation. An optimization process using Zeland |E3D software
package leads to a microstrip line 0.64 mm long and 0.2 mm wide to realize the 90° phase
shift with a straight microstrip line with an impedance of 35.35 Q2 (Figure 8a).

However, the microstrip line length requires tuning when connecting the three 50 Q lines
together through the impedance transformer. Note that the method for connecting the output
ports (port 2 and 3 as shown in Figure 8b) with lines parallel or orthogonal to the input port
line influences the matching. A final optimization leads to a quarter-wavelength transformer
0.648 mm in length and 0.215 mm wide to achieve the best matching.

a) b) $ Port 2

W
“—> ~h/4

il

Port 1 Port 2
Port 1

t Port 3

Figure 8. a) Quarter-wavelength transformer and b) power divider

2.3 The 180° delay line

A 180° phase shift has to be introduced between the two microstrip lines at the output of the
power divider to realize a balanced feed for the coplanar transmission line. Note that the
coplanar stripline width changes asit goes over the edge of the ground plane. The 90° bends
are taken into account in the evaluation of the delay line as they affect the phase and
magnitude of the propagated signal.

Two test configurations are considered. The first one, shown in Figure 9a, is used to evaluate
the phase difference between two microstrip transmission lines having four 90° bends. The
second configuration (Figure 9b) is used to evaluate the phase shift between aline having four
90° bends and a line containing four 45° bends. In the first configuration, the vertical line
length difference is 0.598 mm. In the second configuration the difference increases to 0.6055
mm. The last design is preferred as it is more compact and the insertion loss due to the bends
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of the two lines exhibits less discrepancy compared to the first design (0.17 dB difference
versus 0.72 dB).

a) b)

Figure 9. 180° delay lines realized with a) two lines having four 90° bends, and b) one line having four
90° bends and one line containing four 45 ° bends

2.4 The coplanar striplines

Design rules required for designing the CPS imposes that the separation between the two
printed lines should be at least 150 um. Under this constraint, a 50 Q coplanar stripline would
lead to a 738 um line width. A printed line with such awidth could interfere with the other
components of the antenna and its feed. Therefore, a 100 Q impedance line is chosen for the
coplanar stripline. This choice, considering a 150 um line spacing, leadsto a 118 um line
width. Note that a quarter guided wavelength equals 0.652 mm. This line length is used for
the design of the antenna.

As the coplanar stripline above ground is the interface between the 100 Q coplanar stripline
and the 50 Q microstrip lines, it must act as an impedance transformer. Then, considering a
quarter-wavelength line as impedance transformer, its impedance must equal 70.7 Q in
coplanar stripline mode. Under the constraint of a 150 um line spacing, the optimum line
width is 149 um. A length of 0.63 mm corresponds to a quarter-wavelength line.

All the components needed to realize the microstrip to coplanar stripline transition have been
evaluated independently using a full-wave simulator (Zeland IE3D). The different parts have
then been connected together. Following [20], balanced and unbalanced back-to-back
microstrip-to-CPS transitions, shown in Figure 10, have been simulated to confirm the design.
Results for both circuits are given in Figure 11. The balanced and unbal anced circuits exhibit
similar responses, indicating that the 180° phase shift is correctly achieved. The insertion loss
isaround 1 dB. The circuits are also matched over the operating bandwidth (43.5-45.5 GHz).
However, the minimum reflection coefficient is not achieved at the centre frequency. A
modified version gives the desired minimum reflection coefficient at the centre frequency, as
shown in Figure 11. Thisresult is obtained by reducing the width of the coplanar stripline
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from 118 um to 116 pwm and its length from 652 um to 605 um. The reflection coefficient is
then lower than —16 dB in the operating frequency band.

a) b)

Figure 10. Design of the balanced (a) and unbalanced (b) back-to-back microstrip-to-CPS transitions

Return Loss and Transmission Factor
0
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Figure 11. Frequency responses of the balanced and unbalanced back-to-back microstrip-to-CPS
transitions

2.5 The radiating element

As astarting point for the design of the radiating element, standard design considerations of a
Y agi-Uda antenna are followed for evaluating the dimensions of the Y agi-like antenna [21].
Specificaly, the driven element length is usually between 0.45 A to 0.49 &, where A isthe
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guided wavelength, and the director length is usually between 0.4 A and 0.45 L. The spacing
between the driven element and the director should be 0.3 A to 0.4 A, and the spacing between
the reflector and the driven element is about a quarter guided wavelength. For the design, we
also consider an antenna fed with the coplanar stripline defined previously, i.e., with aline
spacing of 0.15 mm and aline width of 0.116 mm.

A first optimization using IE3D has been carried out on the driven dipole by itself to achieve a
good matching to 100 Q. A dipole length of 1.922 mm (larger than half a wavelength) and a
width of 0.116 mm resultsin a—35 dB reflection coefficient at 44.5 GHz using an input
impedance normalized to 100 Q. The reflection coefficient is below —28 dB over the
operating bandwidth (43.5 GHz to 45.5 GHZz). The distance between the elements of the Y agi-
like antenna (the reflector, director and driven element) have been optimized automatically for
obtaining a good matching, starting from the dimensions of a standard Y agi-Uda antenna. A
fine tuning has been carried out manually on the antenna elements to lower cross polarisation
and back radiation while maintaining a good impedance matching. Finally, the driven dipole
is positioned at about a quarter wavelength from the truncated ground plane, which actsas a
reflector. The distance between the director and the driven dipole is slightly smaller than the
distance between the driven dipole and the reflector. The director length was initially chosen
to be about 0.4 times the guided wavelength using conventional Y agi-Uda antenna design
rules[21]. A fine tuning was required to preserve a good matching.

2.6 Final design of the antenna with its feeding system

The geometry of the Y agi-like antenna and its feeding system with all the geometrical
parametersis shown in Figure 12. The final dimensions of the circuit are:

- Wstrip =99 pm,

= Wyang = 215 pm, Lyrans = 648 um,

- Lpp=7715pum, Ly, = 250 pm, Lz = 655 um,
- Leps g= 630 um, Weps = 149 um,

- Sgps =150 pm, Leps = 630 pm, Weps = 116 pm,
- Lgi=1.922 mm, Lg =1 mm, S = 0.62 mm.

These dimensions have been obtained after optimisation of the total circuit. Asthe microstrip
to coplanar stripline transition exhibits good characteristics, only the antenna geometry and
the coplanar stripline dimensions have been adjusted manually. The following sub-sections
reports the characteristics of the optimum antenna in terms of input impedance response and
radiation characteristics.
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Figure 12. Geometry of the Yagi-like antenna with its feeding system

2.6.1 Theinput impedance response

The optimized antenna was first simulated on an infinite substrate with the two software
packages, Zeland IE3D and Ansoft HFSS. The results of the input impedance on the Smith
Chart and the reflection coefficient from both simulations are compared in Figure 13 and
Figure 14 , respectively. The circle centered on the Smith Chart represents a voltage standing
waveratio (VSWR) of 2. The results are in good agreement, even though a slight frequency
shift (1.55%) occurs between the two responses. With an infinite substrate, an impedance
bandwidth of 6.7% centered around F, = 44.7 GHz (43.2 GHz to 46.2 GHZz) is obtained using
IE3D results, while an impedance bandwidth of 7.1% centered around F, = 45.3 GHz

(43.7 GHz to 46.9 GHz) is achieved using HFSS results. Note that alarger impedance
bandwidth could be obtained, if the circuit was matched to centre the loop on the Smith Chart
(Figure 13).

Asthe truncation of the substrate affects the input impedance, another optimization was
required to find the best distance between the director and the edge of the substrate. Results
from severa simulations demonstrated that the input impedance of the Y agi-like antennais
very sensitive to this parameter. The results are given in Appendix 2. A distance of 1.4 mm
was found to be optimum in terms of input impedance and impedance bandwidth. The
antenna characteristics were also affected by the substrate width, which induces a frequency
shift and impedance variation as the substrate edges bounce the propagated wave back to the
antennainput. These results are also given in Appendix 2. This effect must to be kept in mind
when comparing the results from simulation and from measurements of the realized antennas.
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Figure 13. Input impedance of the Yagi-like antenna on infinite substrate
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Figure 14. Reflection coefficient of the Yagi-like antenna on infinite substrate

Finally, considering an antenna with adirector placed at 1.4 mm from the substrate edge
(0.2120, 0.56Mg), an impedance bandwidth of 18.2% centered around F, = 44 GHz (40 GHz

to 48 GHz) was obtained. This result is achieved with an 8 mm wide substrate (1.210, 3.21g)

14
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and with substrate edges 3.04 mm away from dipole extremities (0.4510, 1.2Ag). The input
impedance and reflection coefficient are presented in Figure 15 and Figure 16, respectively.

Large substrate, I.Amgng from substrate edge

Figure 15. Input impedance of the Yagi-like antenna on an 8 mm wide substrate

Large substrate, I.4mm from subsfrate edge
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-20
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Frequency (GHz)

Figure 16. Reflection coefficient of the Yagi-like antenna on an 8 mm wide substrate
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2.6.2 The radiation pattern characteristics

The radiation patterns of the optimum circuit are shown in the two main planes for the centre
frequency of 44.5 GHz in the =0° and ¢=90° planesin Figure 18 and Figure 19, respectively.
The larger dashed circle corresponds to the —3 dB level. The ¢=0° plane corresponds to the H-

plane and the ¢=90° plane corresponds to the E-plane, considering the coordinate system
presented in Figure 17.

Figure 17. Yagi-like antenna in its coordinate system

The co-polarisation patterns in both planes exhibit similar behaviour in the upper half-space.
The half-power beamwidths are 91° and 89° in the E- and H-planes, respectively. The cross-
polarisation level is dlightly higher in the E-plane, and reaches —24.8 dB in the boresight
direction. The front-to-back ratio, reduced by the insertion of the director, dropsto —13.6 dB.

Figure 20 and Figure 21 show the radiation patterns in the two main planes for different
frequencies. The normalized patterns indicate that the half-power beamwidth isrelatively
constant within the operating bandwidth.

The variations of the radiation characteristics versus frequency are summarized in Figure 22
and Figure 23. The antenna exhibitsa 6.7 dB gain at 44.5 GHz. The gain is varying from

6.2 dB to 6.7 dB over the bandwidth. The efficiency, only accounting for the dielectric and
mismatch losses, is higher than 92%, and reached 96% at 44.5 GHz. The cross-polarisation
level rises with frequency, but stays below —23 dB in the boresight direction (Figure 23). The
front-to-back ratio also increases with frequency, and reaches—12.5 dB at 45.5 GHz. Overall,
the radiation characteristics are stable over the frequency range of interest.
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Figure 19. Radiation pattern in the ¢=90° plane (E-plane)
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Figure 21. Radiation pattern in the ¢=90° plane (E-plane) for different frequencies
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Figure 22. Gain and efficiency of the Yagi-like antenna
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Figure 23. Cross-polarisation level in the broadside direction and front-to-back ratio of the Yagi-like

The antenna and its feeding system were designed and fully characterized by simulation. As it

antenna

isour first documented fabrication in LTCC technology and with VTT Electronics, additional

passive circuits are added on the wafer to characterize the material and to learn about the

fabrication process itself. Also, an open and a through line are needed to calibrate the vector

network analyzer before measuring the different devices. The steps to design the different

additional circuits are described in the next two sections.
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3. Design of Microwave Circuits for Extraction of
Material Parameters

Several methods for extracting material properties exist, as reported in [22]-[24] for instance.
Our interest is focused on methods using printed circuits, since it is the technology that has
been chosen for our designs. Two methods based on the resonant behaviour of microstrip
circuits were chosen. Thefirst one, which isthe preferred method for extracting material
properties, is based on the transmission measurement of aring resonator. The second oneis
based on the measurement of a straight microstrip line loaded with an open stub, and is also
called the T-junction method. With both techniques the material properties are extracted at
specific resonant frequencies. The methodology to estimate the dielectric constant and the
attenuation factor using the measurement of these circuits are described in this section.

3.1 Design of an embedded ring resonator

3.1.1 Theoretical background

A ring resonator, as shown in Figure 24, was designed to verify the electrical properties of the
LTCC material. Both the dielectric permittivity and insertion loss can be extracted for severa
frequencies from the measurement of the transmission factor of thiscircuit [22], [23]. The
ring resonator is one of the preferred circuit for the extraction of material parameters. Since it
has no open ends, unlike a straight line resonator, it is almost free of radiating losses, which
are mainly due to end effects [24]. Therefore, no correction factor needs to be introduced in
the equations.

Figure 24. Ring resonator

The resonant frequencies of the ring resonator can be evaluated assuming that the mean
circumference Lg of thering isamultiple of the guided wavelength A,

(1) LR = 27 I'pean = NAg

or
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wherenisan integer, c isthe velocity of light, s« is the effective permittivity, and 2
corresponds to the n™ resonance frequency.

To avoid errors due to the curvature of the ring, aresonator of several wavelengths needs to
be considered at the frequency of interest. On another hand, it will also allow the evaluation of
the substrate characteristics at other lower frequencies, but with some errors.

Therefore, at each resonant frequency fF? , the dispersive effective dielectric permittivity can
be deduced from equation (2):

2
n c
3 Eoff =
3 ff {r 27”‘.2}

The effective dielectric permittivity of aburied microstrip line can be estimated using [25]

4 et puried (F) = et (1) €C2/N 4 g [1- e(-20/0)]

where & and &g nuried &€ respectively the dispersive effective dielectric permittivity of a
microstrip line and that of an embedded microstrip line, h is the thickness of the substrate
between the ground plane and the microstrip line and b is the superstrate thickness.

The attenuation factor of the transmission line can be calculated using the following
expression [26]:

, ..z _ n
T Qolr Qo2rmemn

®) (Neper/meter)*

where Q, is the unloaded quality factor of the ring resonator. Q, is evaluated experimentally
according to the following formula [26]:

QL

6 ==L
© Q=g

where Sgl is the magnitude in linear scale of the transmission factor at the n™ resonance, and
Q. istheloaded quality factor deduced from the measurement:

! Multiply ar by 20* Log(e) = 8.686 to obtain oy in deciBel per meter
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(7) QL=

where Af % isthe half-power bandwidth respective to S5, around the n" resonance
frequency.

The attenuation factor includes dielectric, metallic, radiation and surface wave losses [17]. In
most cases, surface wave losses are negligible, aswell asradiation losses. Analytical
expressions of the dielectric and metallic losses were developped [27]. The corresponding
attenuation factors, a4 and o respectively are expresssed by [24]:

Er (geff - 1)tan o

6) ag =273 (dB/meter)
Vet (6r =1 4o
and
f
9 e =0.072 I (dB/meter)

wZ; \/Q

where tandis the loss tangent and ¢, is the dielectric permittivity, A, isthe free-space
wavelength, w is the microstrip line width and Z; is its characteristic impedance.

A more accurate expression of o takes into account the surface roughness (A) of the
metallisation. The conductor loss attenuation factor then becomes:

(10) ac =0 {1+Earctan{1.4AH (dB/meter)
T Og

with

(12) Sg=—1 and Rs = |24
Rs o 20

where 6 is the skin depth, Rs is the surface resistance, o isthe metal conductivity and
U= o i, isthe permeability of the dielectric.

The expressions of the quality factors corresponding to the radiation losses and the surface
wave |losses are more complex, containing integral equations. They can be found in [17].

From measurements, and using the above equations, the dielectric permittivity and loss
tangent can be estimated, as well as the metallization surface roughness for a given metal
conductivity. This can be achieved if the radiation and surface wave losses can be neglected.
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3.1.2 Design of the ring resonator

As previously mentioned, aring resonator buried in the LTCC material is used to evaluate the
transmission characteristics of a microstrip line. The gap between the microstrip lines and the
ring resonator should be small enough to obtain the desired transmission factor. To avoid
problems due to the fabrication tolerance on line spacing, the ring is placed one layer above
the microstrip line. The final design is shown in Figure 24. The microstrip line width is

99 um, which corresponds to a 50 Q2 characteristic impedance. The ring width is 202 pum,
which aso corresponds to a50 Q characteristic impedance but for a microstrip line placed
two layers above the ground plane (214 um) with athree-layer superstrate (321 um). The ring
mean radiusis 1.634 mm. Its electrical circumference has been evaluated considering the
fourth resonance close to the operating frequency (44.5 GHz) , assuming adielectric
permittivity of 7.1 and aloss tangent of 0.002. The metal conductivity is6.17 10" S/m, and the
metal thicknessis set to 10 um. The gap between the microstrip line ends and thering is

265 um wide. The resonant frequencies, deduced from eq. (1) and using eqg. (4), are given in
Table 1. Asthe effective permittivitty is frequency dependant, frequencies of 11.1 GHz,

22.25 GHz, 33.4 GHz and 44.5 GHz are respectively considered for the evaluation of the
effective permittivity. Note that in this particular case, the effective dielectric permittivity
varies between 6.990 and 7.003.

Table 1. Resonant frequencies and transmission factors of the ring resonator circuit

R?rsoonr: aer;t' I(Zi)et(:gar;)cy 11.05 22.10 33.14 44.2
fsjerﬁosﬁ?nnjlz;gqnufgﬁi) 11.3 224 333 44.1
Trac\zmifﬁ:g'} dF;)Ctor 31.9 247 -20.75 -21.0
Tr@?tshngliﬁsrii?]g ng;or 65.7 49.9 43.4 -30.4

Results of the transmission factors obtained by simulation using Zeland IE3D are shown in
Figure 25. In this figure, the transmission factor between the two microstrip lines when the
ring isremoved is aso given to indicate the level of the substrate mode propagation. Note that
the transmission factor of the ring resonator at the fourth resonance reaches a maximum of
-21 dB, while the transmission factor between the two microstrip lineswhen thering is
removed approaches —30 dB. The resonant frequencies and the corresponding transmission
factorsarelisted in Table 1.
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Figure 25. Transmission factor of the ring resonator circuit

The characteristics of the LTCC material can be deduced from the measurement of the
fabricated circuits using the equations (3) to (7). The results are presented in section 6.

3.2 Extraction of the material characteristics using a
transmission line loaded with an open stub

Another method is used to extract the material characteristics. It is based on the transmission
factor measurement of atransmission line loaded with an open stub, as shown in Figure 26.
This method is a resonant method called T-junction method [23], [24].

L1 | L?

Port1 | | Port2

L«

Figure 26. Microstrip transmission line loaded with an open stub
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The transmission factor can be deduced analytically from the complete transmission matrix
ABCD of thistwo port circuit. After calculations detailed in Appendix 3. , the S-parameters of
this circuits are expressed by

thil, 5
12 =———'3 ¢
and
2
13 S, =— 2 g%
(13 2 2+ thyl,

where y =a + jf isthe propagation constant, Ls is the stub length and L=L,=L; is half the
transmission line length.

If the transmission lineislossless (y = 5 ), the reflection coefficient and the transmission
factor become

_ i elA)  eia
(14) Sy = 12+jtan(ﬂLs)e
and
(15) S 2 g2

2T 2 tan(ALy)

The extrema of the transmission factor are obtained when
(16) PL, = q% where g is an integer.

The case g=2n, where n is an integer, corresponds to the maxima of the transmission factor,

A oo

2
and the minima of the reflection coefficient (I' =-20Log |Sy4|). Knowing that f=——"—,
c

where f is the frequency, c the velocity of the light and & the effective permittivity, this
condition is verified for

c 1
L

n
2 Je Ls

(17) fm =
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The minima of the transmission factor are obtained for g=2n+1, or

2n+1 ¢ 1
(18) e L .
M= 4 Jée Ls

Considering an operating frequency f, of 45 GHz and an open stub length of three-quarter of
guided wavelength at the operating frequency, the first and second minima are obtained for
n=0 and n=1:

and fog =~ fo —15GHz

fp = fo = 45GHz

fo =30GHz

w

fvy =

win

Simulations of this circuit have been carried out with Zeland |E3D software package [15].
The simulations have been performed for different metal conductivities, substrate dielectric
constants and loss tangents, as shown in Figure 27. The influence of the loss tangent and the
metal conductivity is on the magnitude of the S-parameter depths. A frequency shift of the
responses could occur only if there was a discrepancy between the specified and measured
dielectric permitivity of the material. The results of the simulations are summarized in Table
2.

Table 2. Summary of the characteristics of a 34 microstrip line loaded with a 31/4 open stub

& tgs o fn1 [S11]/|S21] Fu |S11]/|S21] fm2 [S11]/|S21]
(S/m) (GHz) (dB) (GHz) (dB) (GHz2) (dB)
7.1 0.002 6.173e7 14.9 -0.35/-36.0 30.6 -41.3/-0.45 442 -0.95/-22.7
7.1 0.010 6.173e7 14.9 -0.675/-32.8 30.6 -36.5/-1.0 44.2 -2.0/-20.1
7.1 0.002 1.0e7 14.9 -0.625/-33.7 30.6 -39.7/-0.75 44.2 -1.45/-21.3
6.9 0.002 6.173e7 15.2 -0.35/-36 31.2 -41.4/-0.45 44.9 -1.0/-22.8
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Figure 27. S-parameters of the 31 transmission line loaded with an 31/4 open stub

The characteristics of the LTCC material can be deduced by comparison of the simulation and
measurement of the fabricated circuits. The results are presented in Section 6.
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4. Design of the Calibration Lines for TRL
Measurement

Different calibration techniques for measuring printed circuits exist [28], but one of the most
popular and reliable isthe TRL (Through-Reflect-Line) calibration. The TRL calibrationis
composed of three steps [28]:

« a“thru” step, where asection of transmission line is connected between the two
ports of the network analyzer,

. a“reflect” step, where the section of transmission lineis cut in half and the two
halves are separated, making an open circuit for each port,

. a"“line” step, where a short section of transmission line is connected to both ends
of the halves of the previous transmission line. Usually, a quarter wavelength line
is considered.

As mentioned in [28], the length of the lineis not critical, but its optimal length should
correspond to a 90° phase shift at the centre frequency. It is also recommended that the phase
remains in the range of 20° to 160° at any frequency of measurement. This constraint fixes the
bandwidth over which the calibration is valid.

Asall the circuits to be measured are embedded in the LTCC materia, the calibration lines
are designed with the same configuration. Therefore, the line is printed one layer above the
ground plane (107 um) and covered with afour-layer superstrate (428 um). Assuming a
dielectric constant of 7.1 at 44.5 GHz, the quarter wavelength lineis 0.625 mm. A 0.625 mm
long microstrip line corresponds to a 20° phase shift for F.,, = 10 GHz, and to a 160° phase
shift for Fax = 80 GHz. The layout of the calibration lines can be found in Appendix 4.
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5. Layout of the Circuits for Fabrication

Once al the designs are finalized after optimization using the simulation tools, one needsto
layout the circuits for fabrication. A transition needs to be added to each circuit to feed it.
Indeed, al our circuits are embedded into the material. A cavity needs to be created for the
probe to access the circuit feeding lines, as shown in Figure 28. The cavity size is 3.0 mm by
4.5 mm. The total substrate thickness correspondsto eight LTCC layers.

Changes in the number of layers were made at this point because of the design constraints due
to the presence of the cavity. The substrate thickness bel ow the cavity must be at least

380 um, which correspondsto atotal of four layersin our case. To keep the radiating antenna
in the middle of the substrate thickness, another layer was added on top of the substrate. The
total number of layersincreased from six (considered in the design stage) to eight. However,
the characteristics of the different circuits were not drastically perturbed, and the dimensions
were kept as previously defined.

Microstrip line

! N o Ground plane

Cavity edge

Figure 28. Cavity for probe circuit access

Also, since a CPW probe is used, vias are inserted on both sides of the microstrip line to
access the ground plane. The centre-to-centre distance between the via pads and the microstrip
lineis 500 um, which corresponds to the distance between the probe tips. The via diameter is
150 um, and the square via pads dimension is 250 um. Without superstrate, the 50 Q
microstrip lineis 125 um wide.

DRDC Ottawa TM 2005-055 29



For fabrication purposes, the design must be described using several layers. Each layer
represents a separate operation, such as etching the metalization, creating a cavity in the
substrate, or filling avia hole. Figure 29 represents the complete layout of the LTCC run. All
the layers are superimposed on this graph. Each colour corresponds to one layer. The circuits
relative to this study, the Y agi-like antennas, the ring resonator and the calibration lines are
shown with a blue ground plane in the upper right corner. The green rectangles are the
cavities.

Some transmission lines of different lengths were added to this run to allow for the
verification of the quality of the calibration and the extraction of the insertion loss. Three-
wavelength lines with and without an open stub placed in the middle were also added to verify
the dielectric constant and the microstrip-line insertion loss of the LTCC material. More
detailed layouts of the calibration lines, the Y agi-like antenna and the ring resonator circuits,
are provided in Appendix 4. Four Y agi-like antennas having exactly the same dimensions
were considered for this run. The only difference between the antennas was the distance
between the director and the edge of the substrate, as this parameter is critical in terms of the
input impedance. Distances of 1.2 mm, 1.3 mm, 1.4 mm and 1.5 mm were chosen.

CoSMIC B&€W-£3C B.&.CHOI

Figure 29. Layout of the complete LTCC run
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6. Measurement and Analysis

The complete layout was fabricated at VTT Electronicsin Finland. The circuits were realized
on three different boards, or wafers, processed at different times. Figure 30a shows a picture
of the four antennas placed at different distances from the LTCC substrate edge. Note that
only the transitionsin the cavities are visible, as the antennas with their feeding circuits are
embedded in the material. A closer picture of one cavity is presented in Figure 30b. Thevia
pads and the microstrip line are completely visible. The via pad and the microstrip line have
been magnified and the resulting pictures are given in Appendix 5.

a)

b)

Figure 30. Picture of a) the four different Yagi-like antennas, circuit #2, and b) the launcher part of the
Yagi-like antenna #1 circuit #2 (October 2003)

The measurements of the S-parameters were carried out with a probe station at the Integrated
Microwave and Millimetre wave Circuits laboratory at CRC. Dueto the heavy use of the
probe station, three sets of measurements were done at different times. Thefirst set, donein
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June 2003, consisted of wideband measurements using both OSL (Open-Short-L oad) and

TRL calibration methods, and the second and third sets, done in October 2003 and January
2004, respectively, consisted of several narrow band measurements using the TRL calibration
method. All the measurements were saved on files, which names are listed in Appendix 6. The
pictures, which were taken in October 2003 (see Figure 30 and Appendix 5), show some
oxydation of the silver. The oxydation occured because the circuits were not stored in a
controlled environment. This oxydation degraded the contact between the probe and the line,
and may significantly affect the measurements. Note that the oxydation appeared after the
measurement carried out in June 2003.

Before reporting the measurements of the S-parameters of the differents circuits, the
dimensions of different circuits fabricated on different wafers, were measured. The analysisis
presented in the following sub-section.

6.1 Dimensions measurements

Measurement of different dimensions were carried out to ensure that the conductor
dimensions optimized by simulation were correctly reproduced with the LTCC process, and
that the material shrinkage was well controlled during the fabrication. The visible microstrip
line and the via pad dimensions, as well as spacing, were measured on different wafers with a
microscope and a calibrated micrometre ruler. The distance between the ports of the two-port
circuits (the ring resonator and the three-wavelength microstrip line loaded with an open stub)
and the distance between the microstrip feeding lines of the Y agi-like antennas were also
measured for a better estimation of the material shrinkage along the X- and Y -axes. The
results are summarized in Table 3 and Table 4.

It was noted that the measured microstrip line and pad dimensions of the launchers of the ring
resonator and the loaded three-wavelength microstrip line circuits are smaller than the
designed dimensions (Table 3). The dimension variations are different but of the same order
from one wafer to another, and from one circuit to another on any given wafer. Specifically,
the 125 pm wide microstrip lines became as narrow as 102 um on wafer #1. The
corresponding characteristic impedance is 58 Q2 instead of 50 Q. On wafer #2, the microstrip
line width of one of the launcher is 110 um for both measured circuits (which corresponds to
a 56 Q characteristic impedance). On wafer #3, the line widths are comparable to the expected
line width. The measure of the port to port distance and of the centre pad to centre pad
distance confirms that the shrinkage is well controlled, as the average dimension variations
from the designed model are respectivelly —0.28% along the X-axis and 0.76% along the Y -
axis.

Table 4 reports the measurement of the conductor dimensions of the Y agi-like antenna
launchers of wafer #2. The results are comparabl e to the measurement realized on the visible
conductors of the ring resonator and the loaded three-wavel ength microstrip line circuits. The
measurement of the distance between two adjacent microstrip feeding lines indicates a
dimension difference along the X-axis of 0.07%. The average difference between the centre
pad to centre pad distancesis 1.37%, slightly higher than the value found with the previous
two-port circuits.
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Table 3. Dimensions of the launchers of the ring resonator and three-lambda microstrip line loaded with an
open stub circuits

Wafer #1 Wafer #2 Wafer #3
Design Line Ring Line Ring Line Ring
resonator |resonator |resonator|resonator|resonator |resonator
Microstrip line width 125 102 109 110 110 128 120
(microns) length 1725 | 1715 1725 1722 1695 1714 1719
Top pad width 250 222 220 228 223 247 242
(microns) length 250 220 217 224 220 236 229
Bottom pad width 250 212 221 224 215 238 231
(microns) length 250 216 220 223 215 238 230
) top pad
Distance (microns) || 3128 344 338 339 337 318 321
between line f-------------- oo
and ... bottom pad | 5, ¢ 341 338 336 345 321 327
(microns)
Overall _added 1250 | 1221 1226 1237 1230 1252 1241
distance dimensions
(microns) measured 1250 1218 1223 1238 1228 1249 1244
Port to port Line 14.15 | 14.113 / 14.103 / 14.14 /
distance (mm) Ring 12.65 / 12.608 / 12.59 / 12.621

Centre pad to centre pad
distance (mm)

Port to port
distance 0 -0.26 -0.33 -0.33 -0.47 -0.07 -0.23
(along X axis)

Difference (%)
Centre pad to

centre pad 0 0.40 0.55 1.10 1.10 0.95 0.45
(along Y axis)

Overall, the measurement of the dimensions shows that:

- The material shrinkage is globally well controlled,

- The conductor width of the fabricated circuits is smaller than the designed value. The
characteristic impedance of the lines is therefore different than the expected one. This
undoubtedly creates some discrepancies between the simulation and the measurement of
the S-parameters.

- Thecircuitsrealized on different wafers have dightly different dimensions.
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In addition to the above comments, human factors should also be taken into account in the
precision of the measurement. For instance, the microstrip line width flutuates a bit along its
length, and a decision must be made for determining its average witdh. Also, the dimension
measurements concern the accessible conductors. We can only guess, to date, that the buried
conductors are following the observations made on the visible conductors.

Table 4. Dimensions of the Yagi-like launchers on wafer #2 (and wafer #3)

Wafer #2
Design AntennalAntennaAntennaAntennal, - [Difference
#1 #2 #3 #4 g (%)
Microstrip line| e 125 | W4 | o8 | uz | mo |mioo | 12
(microns) length 1725 | 1700 | 1721 | 1711 | 1727 |171475| 0.59
Toppad | width 20 | 2» | B8 | 2 | =0 |20 ]
(microns) length 250 224 229 229 225 | 226.75
Bottom pad | width 20 | 220 | 2 | 2 | 24 | 2200
(microns) length 250 220 222 226 226 | 223.50
Distance top pad (microns) 3125 335 343 340 345 340.75
between line f-----=-=cscmmmmmmmm L ]
and ... Ipottom pad (microns)|| 3125 | 344 341 338 336 | 339.75
Overall added dimensions || 1250 | 1238 | 1237 | 1234 | 1235 |1236.00| 1.12
distance | 0 X
(microns) measured 1250 | 1239 | 1237 | 1234 | 1230 |1235.00| 1.20
line to line distance (mm) 13.05 0 13.06 26.12 | 39.176 | 13.06 0.07
centre pad to centre pad distance 1 10155 | 1.0145 | 1.012 1,013 1.01 1.37
(mm) ' ' ' ' ' '
. centre padéo centre 155 | 145 | 120 | 130 | 137
Difference (%) pga. |
overall distance 0.92 1.04 1.28 1.40 1.16
Wafer #3
line to line distance (mm) 13.05 | 39.16 | 26.105 | 13.051 0 13.05 0.02

The S-parameter measurements and the analysis of the different circuits (the ring resonator,
the T-junction circuit, the embedded microstrip transmission lines and the Y agi-like antennas)
are presented in the following sub-sections.
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6.2 Extraction of the material properties

Two resonant circuits were designed to extract the materia properties of the Dupont 943
LTCC substrate, the effective dielectric constant and the attenuation factor. The theory was
summarized in Section 3. The results and the data analysis of the ring resonator and the three
wavelength transmission line loaded with athree-quarter of wavelength open stub are
presented in the following sub-sections. In addition, the S-parameter measurements of the
embedded microstrip transmission lines are analyzed to confirm the material properties.

6.2.1 Measurement of the ring resonator

Figure 31 presents the Sy, transmission factor of all the measurements of the ring resonator of
wafer #1. The result of the simulation with IE3D of the ring resonator is also plotted for
comparison purpose. The Sy, transmission factors are not shown, because they are identical to
the Sy, parameters as the ring resonator is a passive circuit. The measurements confirm this
fact but only when the calibration has been realized with the TRL method. Some
discrepancies occur when the OSL calibration method is used. The ring resonators on wafer
#2 and wafer #3 were also measured in January 2004. The graphs corresponding to the S,
reponses are reported in Appendix 7.

Transmission Factor

Magnitude (dB)
in
i
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i
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Figure 31. Transmission factor of the ring resonator
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A first look at the graph of Figure 31 indicates that a frequency shift occurs between the
simulation and the measurements. The resonant frequency discrepancies can be the results of
two main factors. First, the dielectric permittivity of the material is not the value considered
for simulation. Second, the dimensions of the fabricated ring resonator are not exactly the
dimensions determined at the design stage. A combination of the two disrepancies could also
occur. Also, some researchers [29] have noticed that the printed lines of the realized circuits
were not exactly on top of the LTCC layers, but buried somewhere between the layers, as
shown in Figure 32. This effect can modify the gap length between the ring and the microstrip
lines, and therefore the S-parameter responses. In effect, the narrow gap between these two
entities introduces a capacitive loading to the resonator circuit, which modifies the resonant
frequencies [26], [30]. However, the difference between the measured resonant frequencies
with and without considering the capacitive loading effect is small, considering the results
reported in [31] (the ring resonator was printed on top of a 943 LTCC substrate). The
frequency shift is only 0.4% on average, which introduces an average error of 0.8% for the
effective permittivity. The correction for taking into account the capacitive loading is
therefore not applied for this study.

A closelook at the graph in Figure 31 shows that a frequency shift appears between the
measurements done in April and June isthat the frequency steps are relatively large. One of
the reasons is related to the wideband measurement setup. The frequency steps are 232 MHz,
450 MHz, 20-25 MHz and 20-25 MHz for the measurements done in April 2003, June 2003,
October 2003 and January 2004 respectively (20 MHz steps for the 9 to 13 GHz
measurement, and 25 MHz for the other measurements). For more accuracy, only the
measurements obtained with a TRL calibration and using a narrow bandwidth (20-25MHz
steps) are considered for analysis.

Layer n+1 Layer n+1 Layer n+1
............ . .............. e R
Layern Layer n Layer n

Figure 32. Possible conductor configurations in a multi-layer LTCC substrate

Table 5 summarizes the results of the ring resonator measurements on wafer #1 to wafer #3.
They aso contain the deduced effective permittivity, the loaded and unloaded quality factor
and the attenuation factor at the different measured resonant frequencies. Table 6 presents for
comparison the same data but from the simulation of the ring resonator. The simulation was
realized with IE3D (see paragraph 3.1.2). The results of the measurement of the ring resonator
measurement are given for each wafer in Table 10 to Table 12 in Appendix 7.

The resonant frequencies measured on all the wafers are similar. The discrepancy between
their average is less than 0.3%. Therefore, the effective permittivities calculated using
equation (3) with the data coming from the three different wafers are close, within 0.5% from
their average. The relative permittivity, deduced from equation (4), variesfrom 7.2 at 11 GHz
to 7.5 at 43 GHz. The materia characteristics of the DuPont 943 Green Tape have been
previousy measured using different methods [31]-[35]. Note that References [32] to [35] are
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publications of scientists working for DuPont. Figure 33 shows the dispersive relative
permittivity obtained from our measurements and from previous studies. Our results with the
ring resonator (7.2 to 7.5) are in between the results of previous studies. The ring resonator
method used in [31] is showing higher permittivity (about 7.5 in average) than the “ open
resonator measurement technigue on unmetallized samples’ used in [33] (e = 7.05).
Compared to the previous studies, our measurements show that the dielectric permittivity is

quite dispersive, exhibiting a frequency variation of 4%.

Table 5. Averaged results of the ring resonator measurements performed with TRL calibrations

Frequency (GHz) 10.973 21.713 32.383 42.983
Transmission Factor (dB) -31.717 -24.625 -21.800 -24.300
3dB bandwidth (GHz) 0.122 0.200 0.285 0.573
Effective permittivity 7.091 7.245 7.328 7.395
Deduced relative permittivity 7.202 7.355 7.435 7.498
Loaded Quality Factor 92.813 109.172 114.681 76.144
Unloaded Quality factor 95.353 115.980 124.876 81.100
Attenuation Factor (dB/m) 28.722 46.036 64.488 133.133
Table 6. Results from simulation of the ring resonator (ring_res_embedded_20dB file)
Resonant Frequency (GHz) 11.3 22.4 33.3 44.1
Transmission Factor (dB) -31.9 -24.7 -20.75 -21
3dB bandwidth (GHz) 11.175/11.34 | 22.27/22.455 |33.185/33.385 | 43.985 / 44.505
0.165 0.185 0.2 0.52
Effective permittivity 6.687 6.807 6.930 7.025
Loaded Quality Factor 68.485 121.081 166.500 84.808
Unloaded Quality Factor 70.270 128.565 183.315 93.106
Attenuation Factor (dB/m) 37.824 41.347 43.497 114.188

The transmission factors measured on all wafers are within 3.35dB for the first resonance,
2.25 dB for the second resonance, 1 dB for the third resonance and less than 0.5 dB for the
fourth resonance. The half-power bandwidths measured around each resonant frequency are
quite different from one wafer to another. The difference between the measured half-power
bandwidth and their average respective to the resonant frequency is about 15% for the first
resonance, 7.5%, 8% and 12% for the second, third and fourth resonance respectively. The
unloaded quality factors are deduced from measurement using equations (6) and (7). The
average attenuation factor calculated using equation (5) isindicated in Table 5. The average
attenuation factor varies from 28.7 dB/m at 11 GHz to 133 dB/m at 43 GHz. The attenuation
at 43 GHz istwice the value obtained at 32 GHz. Thisincrease is due to the contribution of
the the surface wave propagation, which becomes more important at high frequency.

DRDC Ottawa TM 2005-055

37




=74

Realative Parmittiv

—&- Meas , Ring Resonator Method | ! ; ;
64 H — [31], Ring Resonator Method SECEERED Fraoonse Fomuee -

[33], Open Resonator Method : : :
B.2H [32], Ring Resonator Method  |-4------- doeoees tooees -
—4— Meas , T-Junction Method : :

0 5 10 15 20 25 a0 25 40 45
Frequency (GHz)

Figure 33. Relative permittivity deduced from various measurements

Our results are compared to those reported in [31], [33] and [35] in Figure 34. Thering
resonator method is used in [31] and [35] whereas the T-junction method isused in [33]. It
was observed that our measurement led to a higher attenuation factor than the results reported
in the cited papers, regardless of the measurement method. Scientists from Dupont ([33], [35])
indicate the lowest attenuation factor. According to their measurement, the 943 LTCC green
tape exhibits an attenuation factor of only 12 dB/m at 20 GHz, and reaches about 20 dB/m at
26 GHz [32]. As mentionned previously, our ring resonator is embedded in a substrate of a
total of 5 layers above ground (two layers between the ring and the ground and a three-layer
superstrate). This material is very thick in terms of wavelengths at high frequencies.
Therefore, unwanted propagation, like surface wave propagation, appear to be non-negligible
and even important. This mostly explains the high attenuation factor of the embedded
microstrip transmission line.
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Figure 34. Comparison of various attenuation factor measurements

The next paragraph describes the analysis of the measurement of the transmission line loaded
with an open stub. This circuit is also used for extracting the dielectric permittivity and the
attenuation factor of amicrostrip line. This method is called the T-junction, or T-pattern,
method.

6.2.2 Measurement of the transmission line loaded with an open
stub (*T-junction”)

The T-junction method decribed theoretically in section 3.2 has been used to extract the
material properties of the LTCC green tape in terms of dielectric and attenuation constants.
The measured data for each wafer, and the deduced constants, are given in Table 13 to Table
15in Appendix 7. Table 7 presents the averaged results. The graphs representing the S-
parameter responses are reported in Figure 51 (also in Appendix 7. ) for the three wafers. The
resonant frequencies obtained for each wafer are close, and agree quite well with the resonant
frequencies given by theory and simulation. The effective dielectric permittivity deduced from
equations (17) and (18) fluctuates between 6.66 and 7.04. The relative permittivity, obtained
with equation (4)?, is not much different from the effective permittivity because the microstrip
transmission line is covered with four LTCC layers, which confine the near field within the
substrate. The values are plotted versus frequency in Figure 33 along with data coming from
different measurements. These results are lower, especially when compared to results
obtained with the ring resonator method, and at 30 GHz. However, the value of the dielectric

2 The equivalent stub length taking into account the microstrip line open-ended effect is used instead of
the physical stub length L.
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permittivity estimated at 45 GHz agrees quite well with the results reported in [33]. The
reason for the difference could come from several factors. One of them is that the mismatch
between our circuit and the Vector Network Analyser’s (VNA) input impedance was not
taken into account. This can shift the measured resonant frequencies. The reflection
coefficient measurements of the circuits on wafer #1 and # 3 are good examples; the
responses of ports 1 and 2 do not exhibit the same resonant frequencies.

Table 7. Averaged results of the “T-junction” measurements realized with TRL

calibrations
Frequency (GHz) 15.023 30.475 44.450
Transmission Factor (dB) -35.85 -20.85
3dB bandwidth (GHz) 0.153 0.852
Effective permittivity 6.851] 6.659 7.042
Deduced relative permittivity 6.85 6.66 7.043
Loaded Quality Factor 98.072 53.684
Unloaded Quality Factor 99.679 58.971
Attenuation Factor (dB/m) 26.693 138.753

The transmission factors measured on all wafers are within 0.5 dB for the first resonance and
2 dB for the third resonance. The half-power bandwidths measured around each resonant
frequency are similar for the first resonant frequency, but are quite different for the third
resonance from wafer #1 and wafers #2 and #3. The unloaded and loaded quality factors
(deduced from measurement using equations (6) and (7)) are similar for the first resonance,
but different for the third resonance measured on wafer #1. The average attenuation factor
calculated using equation (5) isindicated in Table 7. The average attenuation factor equals
26.7 dB/m at 15 GHz to 139 dB/m at 44.5 GHz. The data are plotted in Figure 34 along with
the measured attenuation factors reported by others. The attenuation factor deduced from the
measurement of the T-junction circuits are in good agreement with the attenuation factor
results deduced from the measurement of the ring resonators.

Other methods for extracting the attenuation factor exist. Two methods based on the
mesurement of the insertion loss of asimple microstrip transmission line are applied to verify
the results found with the resonator circuits, as the measured data were available. Thisis
described in the next sub-section.

6.2.3 Extraction of the attenuation factor using transmission line
measurement

Two methods can be used for evaluating the attenuation coefficient from the measurement of
straight microstrip lines. The first method is called the “ Absolute Magnitude” method, and the
second one is called the “Line Comparison” method. With the absol ute magnitude method,
which is arudimentary method, the attenuation factor is estimated from the transmission
factor measurement of a transmission line of length . With the line comparison method, the
attenuation factor is extracted from the difference of the transmission factor of two lines of
different lengths. Both methods have been used in [31] for evaluating the attenuation factor of

40 DRDC Ottawa TM 2005-055



amicrostrip transmission line realized on LTCC material. The results are compared to a direct
extraction of the attenuation factor for the measured transmission factors.

As stated in [31], idedlly, the measured magnitude of the transmission factor Sy, is directly
related to the attenuation factor « through the relation:

(19) |S,| = where| is the transmission line length.

However, the microstrip transmission lines are not directly measurable because a CPW-to-
microstrip line transition is required to access the device under test with the VNA. The
transition is not perfect and has its own response, which introduces a mismatch. In addition, a
reflection due to the mismatch between the VNA internal impedance and the circuit exists,
corrupting the measurement. The mismatch due to the transition is de-embedded with the help
of the TRL calibration. The mismatch due to the impedance difference between the VNA and
the line can be calibrated out from the measurement. The method to extract the transmission
factor of the line from the measured S-parametersis described in [31]. The measured
reflection and transmission coefficients (R and T, respectively) are expressed by [31]:

r,-e?")

(20) R=I%E§pﬁ
172K

(21) T:Q_%j%_
1-12 e

where T isthe reflection coefficient due to the mismatch between the impedances of the

VNA and the circuits under test. This system of two equations and two unknownsis
re-formulated as a polynomial equation of order 6:

(22) TXO-—(A+T2-RHX°-TX4+201+T2-RHX3-TX2-(1+T2-R2)X+T=0

where X = e isthe parameter. A Matlab program was written to extract the roots of this
equation and to select the one that corresponds to the attenuation factor.

Several transmission lines are considered for this study. The line lengths are a quarter of a
wavelength, afull wavelength and three wavelengths, respectively (the wavelength
corresponds to the 44 GHz centre frequency). The measured S-parameters are plotted in
Figure 35, along with the simulation results for three-wavel ength and one-wavelength
transmission lines. The graph showing the reflection coefficients indicates that the circuits are
not ideally matched, particularly for the longest transmission line. The multiple reflections
between the two ports due to the mismatch between the impedances of the VNA and the
circuits under test are clearly visible, generating periodic maximaand minima.
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Figure 35a
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Figure 35. Measured and simulated S-parameters of transmission lines of various lengths

The transmission factors plotted in Figure 35b show the increase of the insertion loss with
frequency and line length. One can notice that a calibration problem existed when measuring
the quarter wavelength line, as the transmission factor is positive around 38 GHz and 46 GHz.
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Also, the simulated and measured results for the one-wavel ength line overlaps between 10
GHz and 35 GHz, whereas the measured insertion loss for the three-wavelength line is higher
than the simulation indicates.

Attenuation Factor from the Transmission Factor
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Figure 36. Attenuation factor obtained from transmission factor measurement

The attenuation factor isfirst extracted directly from the transmission factor measurement
without correcting the data for the mismatch. The result is shown in Figure 36 for the three
measured lines and the two simulated lines. In this graph, a curve-fitting technique with a
polynomial function of order 8 has been used for smoothing the data before extracting the
attenuation coefficients. The longer line exhibits a smoother variation with frequency. The
measured one-wavelength line shows similar variation. However, the results obtained with the
shortest line do not seem reliable, probably because the line is too short [31]. The attenuation
rises faster with frequency than the other lines, and an unexpected drop occurs around

47 GHz. Note that asimilar drop is noticable with the simulation results, but it isless
pronounced with the three-wavelength transmission line.

Figure 37 presents the attenuation factor estimated using the absolute magnitude
method as a function of frequency. The results obtained for all the frequency points are
plotted along with the corresponding curve-fitted responses. The results from the quarter-
wavelength line show large fluctuations, particularly at high frequency. The average curve
exhibits a lower attenuation factor at low frequency compared to the attenuation factor
obtained with the other lines, and rises faster afterward. The measured results for the one
wavelength line have large fluctuations at high frequency. However, the average attenuation
agrees quite well with the corresponding simulation results from 5 GHz to 35 GHz. Note that
this was also the case for the attenuation factor deduced directly from the transmission factor

DRDC Ottawa TM 2005-055 43



(see Figure 36). The attenuation factor obtained with the measurement of the three-
wavelength line presents little fluctuation. The corresponding curve-fitted curve is
superimposed with the attenuation factor deduced directly from the measured transmission
without mismatch correction. Note that the difference between the attenuation factors
calculated directly from the transmission factor (Figure 36), and the attenuation factor
obtained with the absolute magnitude method (Figure 37) is not important, particularly at low
frequency.

Loss Characterisation with the Absolute Magnitude Method
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Figure 37. Attenuation factor obtained with the absolute magnitude method

The attenuation factor obtained with the line comparison method from measured and
simulated data are shown in Figure 38. The mismatch correction is applied on the
transmission factors before extracting the attenuation factor from the difference between the
insertion losses of two transmission lines of different lengths. Two curves obtained with
measured data are plotted, corresponding to line length differences of 2.0 wavelengths (at 44.5
GHz) and 2.75 wavelengths. The response obtained with the simulated data correspondsto a
line length difference of 2.0 wavelengths. As seen previoudly, the attenuation deduced from
the measurement is on the order of the attenuation deduced from the simulated data at 10
GHz, and islarger for higher frequencies. The two curves obtained from measured data are
superimposed. Their fluctuations are small below 30 GHz, and increase dightly above this
frequency. These two comments indicate that the line comparison method is more reliable
than the previous methods based on the measurement of straight transmission lines. The
variation of the curve-fitted responsesis very linear: A straight line going through the point
(10 GHz, 30 dB/m) and (45 GHz, 100 dB/m) would be a good representation of the
attenuation as a function of frequency. The attenuation factor obtained with the ring resonator
method is also indicated in Figure 38 for comparison. The results obtained with these two
methods match almost perfectly, except for the attenuation factor obtained at 43 GHz. Our
measurements seem reliable from 10 GHz to 40 GHz only.
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Loss Characterisation with the Line Comparison Method
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Figure 38. Attenuation factor obtained with the line comparison method

6.2.4 Conclusions

The didlectric constant of the LTCC material and the attenuation factor of aburied microstrip
transmission line have been characterized experimentally using different methods. The
dielectric constant obtained with the ring resonator method varies from 7.2 to 7.5 in the 10 to
45 GHz frequency range. Thisvalueis dlighly higher than the value indicated by DuPont
(7.2), but smaller than the measured result provided by J. Bray [31] (7.55). The attenuation
factor of the microstrip transmission line buried in the LTCC substrate have been
satisfactorily characterized with the ring resonator method and the line comparison method.
The results are higher than those obtained by other researchers. However, in our case, the
attenuation factor contains losses due to surface wave propagation, which starts to be non-
negligible above 10 GHz, according to [17].

6.3 Input impedance of the Yagi-like antennas

This section reports the input impedance measurements of the four Y agi-like antennas
realized on three different wafers. Each wafer contains four antennas located at different
distances from the substrate edge. Antenna#1 is the antenna whose director is the closest to
the substrate edge (1.2 mm) and antenna#4 is the antenna whose director is the farthest for
the substrate edge (1.5 mm). For the measurements on wafer #1, the antennas have been
physically separated from each other to remove the uncertainty of inter-element interaction
effects that can perturb the measurement (direct coupling measurement can not be performed
with the measurement system). The results for antenna#1 for all the wafers are presented in
Figure 39. Figure 40 shows the measurement of the input impedance of the four antennas
realized on wafer #1. And finally, the simulated input impedances of the four antennas are

DRDC Ottawa TM 2005-055 45



given in Figure 41 for comparison purposes. All the measurement results for antennas #2, #3
and #4 are reported in Appendix 9. The characteristics are summarized in terms of operating
frequency and bandwidth in Table 16 to Table 19 in Appendix 9.

All the measured input impedance performed with Y agi-like antenna #1 realized on different
wafers and at different periods are given in Figure 39. The measurements were done with the
TRL calibration. The measurements carried out in June 2003 are wideband measurement with
a 450 MHz step while the other measurements are narrow band measurements with a 50 MHz
step. We can notice that the results are different, but similar. Considering all of the data, the
minimum reflexion coefficient (RC) variesfrom —11.35 dB to —8.6 dB and the frequency
where the minimum RC occurs varies from 45 GHz to 46.4 GHz. Looking only at the
measurement of antenna#1 on wafer #1, the minimum RC fluctuates between —10.4 dB and —
8.6 dB, and the frequency where the minimum RC occurs fluctuates from 45.05 GHz to 46.4
GHz. If we consider only the measurement obtained in October 2003, the minimum RC
differenceis only 0.1 dB and the frequency differenceis 1.3 GHz. The same kind of
comments can be made about the measurements of the other antennas (see Appendix 9. As
these measurementsillustrate, it is not easy to perform reliable measurement at 45 GHz. The
discrepancies come from various factors. As mentioned previously, several months separate
the different measurement campaigns, and as the circuits were not stored in an hermetic
environment, oxydation appeared on the microstrip line. Therefore, the contact of the probe
on the circuitsis not perfect and this can alter the measurements. Also, the contact between
the probe tips and the microstrip line and pads can not be made exactly at the same location
for al the circuits. Neither can the TRL calibration be the same from one measurement to
another. So, these measurements give a general trend of the input impedance, but no accurate
values can really be extracted. Nevertheless, correct comparison between the results of the
four antennas realized on the same wafer and using the same calibration setup can be made.

Figure 40 presents the input impedances of antenna#1 to antenna #4 realized on wafer #2 and
measured in October 2003. Differences between the antenna responses are noticeable.
Looking at the input impedance on the Smith chart (SC), antenna#1’ s response exhibits the
largest loop around the SC centre while antennas #3 and #4 exhibit the smallest loops.
Antenna#3, located 1.4 mm from the substrate edge shows the best match and antenna #4
shows the widest —10 dB-RC bandwidth (43.8 GHz to 46.9 GHz).

The measured results can be compared to the simulated results shown in Figure 41. Antenna
#2 located 1.3 mm away from the substrate edge exhibits the best matching and the widest
impedance bandwidth (35.8 GHz to 46.95 GHZz). The difference between the antenna
responsesis also visible. However, the simulated results do not agree with the measurements.
In the Smith chart representation, antenna #1 (placed 1.2 mm away from the substrate edge)
generates the smallest loop, and the loop increases in size when the antenna moves away from
the substrate edge. The effect of moving the antenna away from the substrate edge observed
by simulation is the opposite to the effect observed with the measurements. This could be due
to an incorrect distance between the director of the Y agi-like antenna and the substrate edge
(Lsub)- Asamatter of fact, as reported in Appendix 2. the size of the loop decreases when the
antenna moves closer to the substrate edge. The loop reaches a minimum size for a specific
distance and then increases in size when the antenna gets closer. However, the distance
between the cavity’ s edge and the substrate edge was measured, and the deduced distance L g
is exactly the distance considered for the design. The same phenomena s observed with the
antennas measured on wafer #2 and wafer #3. This could be due to the fact that the measured
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microstrip line widths are different than the ones specified for the design. As aresult the
characteristic impedances of the lines are not the expected ones. This can produce a
significant input impedance variation, particularly with these circuits where several quarter-
wavelength transformers are used.

L
—— Wafer #1, June 03 |;
---- Wafer #1, Oct. 03
Wafer #1, Oct. 03
Wafer #2, June 03

— Wafer #2, Oct. 03
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Figure 39. Input impedance of antenna #1 measured on all wafers with different TRL calibrations
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However, overal, the centre frequency of the measured antennas are close to the centre
frequency predicted by simulation, and the impedance bandwidths are comparable.
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7. Summary

A Y agi-like antenna element buried in LTCC materia has been design for AEHF
communication systems. This endfire antennais suitable as a radiating element for an array
using a brick architecture. The different components of the antenna have been fully
characterized using a full-wave simulation tool based on the finite element method. The
antenna has been optimized for operation in the upper frequency band of the AEHF
communication spectrum (43.5-45.5 GHz), taking into account the constraints introduced by
the LTCC process. Severa prototypes were fabricated. The measurements agree relatively
well with the simulation results in terms of resonant frequency and impedance bandwidth. The
prototype having the best design exhibits a5 GHz impedance bandwidth.The next stepisto
study the behaviour of this particular radiating element in an array configuration, leading to
the realization of a compact and low cost phased array with a brick architecturein LTCC
technology.

Some circuits were also designed for extracting the properties of the LTCC material, as no
information exists for frequencies above 40 GHz. Two resonant circuits, a ring resonator and
a T-junction, were used to estimate the dielectric constant and the attenuation factor of the
LTCC material aswell as microstrip transmission lines. The dielectric constant obtained using
the ring resonator method varies from 7.2 to 7.5 in the 10-45 GHz frequency range. Thisvalue
isdightly higher than the value indicated by DuPont (7.1), but smaller than the measured
result provided by J. Bray [31] (7.55). The attenuation factor of the microstrip transmission
line buried in the LTCC substrate has been satisfactorily characterized with the ring resonator
method and the line comparison method. The results are higher than the results obtained by
other researchers. However, in our case, the attenuation factor contains additional |osses due
to surface wave propagation becoming non-negligible from 10 GHz.

As part of this project, the LTCC fabrication process has a so been evaluated. Going through
all the different steps provides us with very useful information for designing other circuitsin
the future with the LTCC technology.
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Appendix 1.

LTCC technology

Table 8. LTCC manufacturers and processes

Processes
Manufacturers Nationality DuPont 951 | DuPont 943 | Ferro A6 Hce%%%s Ié?r;lggg Sarnoff
VTT Electronics Fl X X X
IMST DE X
Thales Microwave FR X X X X
Via-Electronic DE X
National Semiconductor USA X
C-MAC - Scrantom CA-USA' X X
Dielectric Laboratories USA X*

X: manufacturing, x: prototyping, X*: LTCC-M
! LTCC facilities belong to Scrantom, a company based in California. Scrantom is owned by C-Mac,

whose headquarter isin Montreal (data collected in 2001).

Table 9. LTCC Process characteristics

VTT IMST National C-MAC Via- Thales
Electronics Semiconductor Scantom Electronic
- - . 200 (100 for 130 50 75 100 /50 125
Line width/spacing prototyping)
Width tolerance +/-12.5 +/- 25
Via diameter 150 150 90 100 100 125
Via pad 250 150-300 132 150 150 150
Min. thickness 4 layers 2-4 layers 2-4 layers 3 layers 100
Max thickness unlimited 2.3 mm 24 layers
Max. part size 4.5"x4.5” 3.5"x3.5” 5"x5” 6"x6” 6.8"x6.8" 4.5"x4.5”
Resi | N/A ? +/- 30% 10% to 50% 1% trimmed +/- 30%
esistor tolerances (1% trimmed) / (buried) (on top) (5% trimmed)/
(on Top/buried)
+/- 30% +/- 50%
. N/A (+/-) 20% 10% A
Capacitor tolerance . )
special tape special tape
Inductor N/A A
Ball Grid Array A A A

Dimensions are in microns unless specified. A: Available, N/A: Non-Available, ?: missing information.
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Appendix 2. Parametric study of the Yagi-like
antenna

The parametric study is carried out with the antenna dimensions given in section 2.6. For this

study, the antenna considered is realized on a 6-layer substrate (3 layers below and above the
antenna).

Yagi-like antenna on large substrate

[ — 10mm |
[| =— 1.2 mm

1.6 mm |
1.8 mm |
— 2.0 mm

\L— 50mm | N— I

Yagi-like antenna on large substrate

-
o
T

.20, — 1.0mm

Return Loss (dB)

'
[+
o

-30

‘_35 1 1
40 42 44 46 48 50
Frequency (GHz)

Figure 42. Input impedance response of the Yagi-like antenna as a function of the distance between the
director and the substrate’s edge
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Yagi —Iikg antenna

Large-widih subsirate
Narrow—width subsirate
Infinite subsirale

Infinite-width substrate

Yagi-like antenna

Return Loss
(dB)

s

m N/

Large-widih subsirate
KL C | MNarrow-width subsirate
L Infinite substrate
L Infiniie-width substraie
P I [ B
A0 412 A4 A6 48 a0

Frequency (GHz)

Figure 43. Input impedance of the Yagi-like antenna on substrates of different dimensions
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Appendix 3. Calculation of the scattering matrix
coefficients of a microstrip
transmission line loaded with an
open stub

The microstrip transmission line loaded with an open stub circuit can be represented by the
schematic shown in Figure 44.

Figure 44. Representation of a microstrip transmission line loaded with an open stub

The transmission matrix for atransmission lineis

" vi] [A B[Vz] 1°h74 Ze S Iy,
(23 |1_CD|2_Z—CSM chd 111, |

Asthe length of the line on both side of the open stub are the same, we also have

o Vil [A B][Vo7] fhﬂ Ze S Iy,
(24 ;'] |C D |2'_Z—Cshﬂ chd 1,

and, for the open stub,

58 DRDC Ottawa TM 2005-055



chilg Ze shilg
Z—CSh?’is chylg

@ [ o il

We a so have the following relationshi ps between the currents and the voltages:

V :VI:V n
(26) { o
I, =1+,
, : : V1= AsV," o
Knowing that I, =0, from equation (25) it comes , resutlting in
Illl:CSVZII
Cs Cs Cs
27 [1"=—V;"=—V;'=—(AV,'+BI ,').
(27) 1= T As( 2'+Bl)

Using the current relationship, equation (23) becomes

{Vl = AV, +B(I,'+1,")
(28)

|, =CV,+D(I,+1,")
Thus, inserting equations (24) and (27) in (28), we obtain

V, = A(AV,'+BI,") + E{cv2 "+ DI 2'+CA—2(AVZ'+B| 2')}

(29) s .
I, = C(AV,'+BI,")+ D{CV2'+DI 2'+?S(AV2'+BI 2')}

Finally, the transmission matrix of the complete circuit is

Cs Cs
A’ +BC+AB— B(A+D)+B*—= |n, ;
- Vil _ As s |[V2]_[A B[V
l, Cs Csil1,'] |c, DI,

C(A+D)+ AD—= BC+D?+BD—=
As As

Knowingthat A=D and A2 — BC =1, thefinal transmission matrix implifiesto

A2+BC+ABE 2AB + BZE
A By | As As
(31) =
C; Dy Cs Cs

2AC+AD—  A*+BC+AB—
As As
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The relationships between the S;; and S, coefficients of the scattering matrix and the
transmission matrix coefficients are [19]

_Ar+Br/Ze-CrZc-Dy
Ar +Br/Zo +CyZo+Dr

(32) S

2

(33) = A B Zo+CZa 4Dy

Inserting equation (31) in equations (32) and (33), it comes

th]"s —2)

34 =——1'5 @ d
2 — 294

35 S —

(35) Sa 2+thyl,
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Appendix 4. Drawings of the different circuits

2.05

Dimensions ae in milimetie

4.0

3.824

| 9.85
—10.25
Dim ersiore are in milimetre
0,848 0.8 042
1.725 4{
2.1 J_ 0.63
-—|— 011é
- - 0.099
D = 0.116~|—|
-—T-0.25
; I —is [l |
Vi I i e
o i
o)
. J =
2 e g = = & & £
S 3 =/ S = = = = S
[ ]
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Figure 45. Drawing of the Yagi-like antenna
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Figure 46. Drawing of the calibration lines and the open stub resonator

62



EEEEEEEEEEEENEEEEEEEEEEEN
EEEEEEEEEEEENEEEEEEEEEEEN
EEEEEEEEEEEENEEEEEEEEEEEN
EEEEEEEEEEEENEEEEEEEEEEEN
EEEEEEEEEEEENEEEEEEEEEEEN
EEEEEEEEEE -

.'__ .

EEEEE ‘" EEEEEEN
EEEEEEENEEEEEEEER
EEEEEEENEEEEEEEER
EEEEEEENEEEEEEEER
EEEEEEENEEEEEEEER
EEEEEEENEEEEEEEER

""'l!q-s"

Figure 47. Layout of the ring resonator
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Appendix 5. Pictures of the launcher

Figure 48. Picture of the microstrip line (October 2003)

Figure 49. Picture of a via pad connected to the ground (October 2003)

64 DRDC Ottawa TM 2005-055



Appendix 6.

List of the measurement files

Date Filenames Description (see Annex 4 for the drawings) Calibration
April 2003 Subl_rng.s2p | Ring resonator, wafer #1 OSL (1-40 GHz)
June 2003 3LAMBDA.S2P | 3A long microstrip line (Line + 3%), wafer #1 OSL (5-50 GHz)
June 2003 |  3LAMOPEN.S2P 27”3';2937I§rg;g:1ps't'zg)!ong68‘jr ‘;V'lth a 3/4). long open stub (Line | g 550 GHy)
June 2003 DELAY.S2P | A/4 long delay line (Line + A/4), wafer #1 OSL (5-50 GHz)
June 2003 LAMBDA.S2P | A long delay line (Line + 1), wafer #1 OSL (5-50 GHz)
June 2003 OPEN.S2P | Open microstrip line wafer #1 (Reflect) OSL (5-50 GHz)
June 2003 OPEN1_8.52P %peeﬂr;giir;/sé;ip line with A/8 long microstrip line, wafer #1 OSL (5-50 GHz)
June 2003 RESONCKT.S2P | Ring resonator feeding circuit, wafer #1 OSL (5-50 GHz)
June 2003 RINGRES.S2P | Ring resonator, wafer #1 OSL (5-50 GHz)
June 2003 THRU.S2P | Thru line, wafer #1 (Thru) OSL (5-50 GHz)
June 2003 | TR3LMDOP.S2P 27”3';2937I§rg;g:1ps'tizg)!ong68‘jr ‘;"ilth a3/4). long open stub (Line | rp) 5 50 Gpy)
June 2003 TRESNCKT.S2P | Ring resonator feeding circuit, wafer #1 TRL (5-50 GHz)
June 2003 TRINGRES.S2P | Ring resonator, wafer #1 TRL (5-50 GHz)
June 2003 TRL3LMDA.S2P | 3 long microstrip line (Line + 31), wafer #1 TRL (5-50 GHz)
June 2003 TRLAMBDA.S2P | i long delay line (Line + 1), wafer #1 TRL (5-50 GHz)
June 2003 TRLDELAY.S2P | A/4 long delay line (Line + A/4), wafer #1 TRL (5-50 GHz)
June 2003 TRLOPEN.S2P | Open microstrip line wafer #1 (Reflect) TRL (5-50 GHz)
June 2003 TRLTHRU.S2P | Thru line, wafer #1 (Thru) TRL (5-50 GHz)
June 2003 TROPN1_8.S2P %peeﬂr;giir;/sé;ip line with A/8 long microstrip line, wafer #1 TRL (5-50 GHz)
June 2003 WFR1ANT1.S2P | Antenna 1, wafer #1 TRL (5-50 GHz)
June 2003 WFR1ANT2.S2P | Antenna 2, wafer #1 TRL (5-50 GHz)
June 2003 WFR1ANT3.S2P | Antenna 3, wafer #1 TRL (5-50 GHz)
June 2003 WFR1ANT4.S2P | Antenna 4, wafer #1 TRL (5-50 GHz)
June 2003 WFR2ANT1.S2P | Antenna 1, wafer #2 TRL (5-50 GHz)
June 2003 WFR2ANT2.S2P | Antenna 2, wafer #2 TRL (5-50 GHz)
June 2003 WFR2ANT3.S2P | Antenna 3, wafer #2 TRL (5-50 GHz)
June 2003 WFR2ANT4.S2P | Antenna 4, wafer #2 TRL (5-50 GHz)
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Date Filenames Description (see Annex 4 for the drawings) Calibration
October 2003 3LBDA10.S2P TRL (10-20 GHz)
October 2003 3LBDA30.S2P TRL (30-40 GHz)
October 2003 3LBDA30B.S2P 3X long microstrip line (Line + 31), wafer #1 TRL (30-35 GHz)
October 2003 3LBDA40.S2P TRL (40-50 GHz)

October 2003

3LBDA40B.S2P

TRL (40-45 GHz)

October 2003 3LBDAO10.S2P TRL (10-20 GHz)
October 2003 3LBDAO30.S2P TRL (30-40 GHz)
3\ long microstrip line loaded with a 3/4A long open stub ]
October 2003 3LBDAO3B.S2P (Line + 32 + 3/42. open stub), wafer #1 TRL (30-35 GHz)
October 2003 3LBDAO40.S2P TRL (40-50 GHz)
October 2003 3LBDAO4B.S2P TRL (40-45 GHz)
January 2004 2_3l010.S2P TRL (10-20 GHz)
3\ long microstrip line loaded with a 3/4A long open stub }
January 2004 2_3l025.52P (Line + 3) + 3/4%. open stub), wafer #2 TRL (25-35 GHz)
January 2004 2_3l040.S2P TRL (40-50 GHz)
January 2004 3 3l010.S2P TRL (10-20 GHz)
3\ long microstrip line loaded with a 3/4A long open stub ]
January 2004 3_3l025.S2P (Line + 32 + 3/42. open stub), wafer #3 TRL (25-35 GHz)
January 2004 3_3l040.S2P TRL (40-50 GHz)
October 2003 RCKT0913.52P TRL (9-13 GHz)
October 2003 RCKT1924.S2P TRL (19-24 GHz)
Ring resonator feeding circuit, wafer #1
October 2003 RCKT3035.52P TRL (30-35 GHz)
October 2003 RCKT4045.52P TRL (40-45 GHz)
October 2003 RING0913.S2P TRL (9-13 GHz)
October 2003 RING1924.S2P TRL (19-24 GHz)
Ring resonator, wafer #1
October 2003 RING3035.S52P TRL (30-35 GHz)
October 2003 RING4045.52P TRL (40-45 GHz)
January 2004 2RNG0913.S2P TRL (9-13 GHz)
January 2004 2RNG1924.S2P TRL (30-35 GHz) **
Ring resonator, wafer #2
January 2004 2RNG3035.S2P TRL (30-35 GHz)

January 2004

2RNG4045.52P

TRL (40-45 GHz)

January 2004 3RNG0913.S2P
January 2004 3RNG1924.S2P
January 2004 3RNG3035.52P

January 2004

3RNG4045.S2P

Ring resonator, wafer #3

TRL (9-13 GHz)

TRL (19-24 GHz)

TRL (30-35 GHz)

TRL (40-45 GHz)

** Data saved with the wrong filename
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Date Filenames Description (see Annex 4 for the drawings) Calibration
October 2003 WFR1YA1A.S2P | Antenna 1, wafer #1 TRL (30-40 GHz)
October 2003 WFR1YA1B.S2P | Antenna 1, wafer #1 TRL (40-50 GHz)
October 2003 WFR1YA1C.S2P | Antenna 1, wafer #1 TRL (40-50 GHz)*
October 2003 WFR1YA2A.S2P | Antenna 2, wafer #1 TRL (30-40 GHz)
October 2003 WFR1YA2B.S2P | Antenna 2, wafer #1 TRL (40-50 GHz)
October 2003 WFR1YA2C.S2P | Antenna 2, wafer #1 TRL (40-50 GHz)*
October 2003 WFR1YA3A.S2P | Antenna 3, wafer #1 TRL (30-40 GHz)
October 2003 WFR1YA3B.S2P | Antenna 3, wafer #1 TRL (30-40 GHz)**
October 2003 WFR1YA3BB.S2P | Antenna 3, wafer #1 TRL (40-50 GHz)
October 2003 WFR1YA3C.S2P | Antenna 3, wafer #1 TRL (40-50 GHz)*
October 2003 WFR1YA4A.S2P | Antenna 4, wafer #1 TRL (30-40 GHz)
October 2003 WFR1YA4B.S2P | Antenna 4, wafer #1 TRL (40-50 GHz)
October 2003 WFR1YA4C.S2P | Antenna 4, wafer #1 TRL (40-50 GHz)*

October 2003

WFR2YA1A.S2P

Antenna 1, wafer #2

TRL (30-40 GHz)

October 2003 WFR2YA1B.S2P | Antenna 1, wafer #2 TRL (40-50 GHz)
October 2003 WFR2YA2A.S2P | Antenna 2, wafer #2 TRL (30-40 GHz)
October 2003 WFR2YA2B.S2P | Antenna 2, wafer #2 TRL (40-50 GHz)
October 2003 WFR2YA3A.S2P | Antenna 3, wafer #2 TRL (30-40 GHz)
October 2003 WFR2YA3B.S2P | Antenna 3, wafer #2 TRL (40-50 GHz)
October 2003 WFR2YA4A.S2P | Antenna 4, wafer #2 TRL (30-40 GHz)
October 2003 WFR2YA4B.S2P | Antenna 4, wafer #2 TRL (40-50 GHz)
January 2004 WFR3YAG1.S2P | Antenna 1, wafer #3 TRL (40-50 GHz)
January 2004 WFR3YAG2.S2P | Antenna 2, wafer #3 TRL (40-50 GHz)
January 2004 WFR3YAG3.S2P | Antenna 3, wafer #3 TRL (40-50 GHz)
January 2004 WFR3YAG4.S2P | Antenna 4, wafer #3 TRL (40-50 GHz)

* Measurement realized with a second TRL calibration
** Data saved with the wrong filename
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Appendix 7. Graphs of the S;; response of the
two-ports circuits realized on the
three different wafers

Appendix 7.1. The ring resonator

Only the measurement of the ring resonator circuits realized with TRL calibration are plotted
in the following graphs in Figure 50. The results are summarized in Table 10 to Table 12.
These tables also contain the LTCC material characteristicsin terms of relative dielectric
permittivity and attenuation constants. The values were obtained using equations (3) to (7).
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Figure 50a First resonance
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Figure 50b: Second resonance
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Figure 50c: Third resonance
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Figure 50. Transmission Factor of the Ring Resonator Circuits
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Table 10. Measurement of the ring resonator on wafer # 1 with TRL calibration (October 2003)

Resonant Frequency (GHz)

10.94

21.7

32.4

42.95

Transmission Factor (dB)

-33.35

-25.75

-22.3

-24.45

3dB bandwidth (GHz)

10.865 / 11.015]

21.585/21.77

32.225/32.515

42.665/43.21

0.15 0.185 0.29 0.545
Effective permittivity 7.134 7.253 7.320 7.406
Loaded Quality Factor 72.933 117.297 111.724 78.807
Unloaded Quality Factor 74.536 123.677 121.010 83.830
Attenuation Factor (dB/m) 35.659 42.981 65.893 126.824

Table 11. Measurement of the ring resonator on wafer # 2 with TRL calibration (January 2004)

Resonant Frequency (GHz) 11.02 -/- 32.425 43.15
Transmission Factor (dB) -31.8 -/- -21.3 -24.45
3dB bandwidth (GHz) 10.97 /11.07 -/- 32.30/32.55 | 42.74/43.415
0.1 -/- 0.25 0.675
Effective permittivity 7.031 -/- 7.309 7.337
Loaded Quality Factor 110.200 -/- 129.700 63.926
Unloaded Quality Factor 113.107 -/- 141.919 68.000
Attenuation Factor (dB/m) 23.499 -/- 56.185 156.347

Table 12. Measurement of the ring resonator on wafer # 3 with TRL calibration (January 2004)

Resonant Frequency (GHz) 10.96 21.725 32.325 42.85
Transmission Factor (dB) -30 -23.5 -21.8 -24
3dB bandwidth (GHz) 10.895/11.01 | 21.605/21.82 | 32.175/32.49 42.6/43.1
0.115 0.215 0.315 0.5
Effective permittivity 7.108 7.236 7.354 7.440
Loaded Quality Factor 95.304 101.047 102.619 85.700
Unloaded Quality Factor 98.417 108.284 111.698 91.471
Attenuation Factor (dB/m) 27.007 49.091 71.386 116.228
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Appendix 7.2. The 3-wavelength-long microstrip line loaded

with a 3/4-wavelength-long open stub

Figure 51a Reflection coefficient around the second resonance
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Figure 51b: Transmission factor around the first resonance
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Figure 51c: Transmission factor around the third resonance
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Figure 51. S-parameters of the three wavelength microstrip line loaded with a three-quarter of
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Table 13. Measurement of the “T-junction” circuit on wafer #1 (October 2003)

Port 1 Port 2
Resonant Frequency (GHz) 15.22 30.75 30.8 44.75
Reflection coefficient (dB) -0.45 -49.5 -33 -1.3
Transmission Factor (dB) -36 -0.56 -0.57 -22.05
3dB bandwidth (GHz) 15.15/15.30 44.365 / 45.03
0.15 0.665
Effective permittivity 6.673 6.539 6.518 6.947
Loaded Quality Factor 101.467 67.293
Unloaded Quality Factor 103.101 73.064
Attenuation Factor (dB/m) 25.780 109.134
Table 14. Measurement of the “T-junction” circuit on wafer #2 (January 2004)
Port 1 Port 2
Resonant Frequency (GHz) 15 30.15 30.15 44.2
Reflection coefficient (dB) -0.43 -63.00 -29.50 -1.60
Transmission Factor (dB) -35.55 -20.4
3dB bandwidth (GHz) 14.92/15.08 43.85/44.79
0.16 0.94
Effective permittivity 6.870 6.802 6.802 7.121
Loaded Quality Factor 93.750 47.021
Unloaded Quality Factor 95.341 51.986
Attenuation Factor (dB/m) 27.878 153.382
Table 15. Measurement of the “T-junction” circuit on wafer #1 (October 2003)
Port 1 Port 2
Resonant Frequency (GHz) 14.85 30.55 30.45 44 .4
Reflection coefficient (dB) -0.39 -30.7 -24.85 -15
Transmission Factor (dB) -36 -20.1
3dB bandwidth (GHz) 14.78/14.93 43.80/ 44.75
0.15 0.95
Effective permittivity 7.010 6.625 6.669 7.057
Loaded Quality Factor 99.000 46.737
Unloaded Quality Factor 100.594 51.864
Attenuation Factor (dB/m) 26.422 153.743

74

DRDC Ottawa TM 2005-055




Appendix 8.

Loss characterisation using
transmission line measurement

Loss Characterisation with the Absolute Magnitude Method
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Figure 52. Attenuation factor estimated using the absolute magnitude method, in dB/cm and dB/inch
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Attenuation Factor (dBE/cm)

Loss Characterisation with the Line Comparison Method
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Figure 53. Attenuation factor estimated using the line comparison method, in dB/cm and dB/inch
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Appendix 9.

Appendix 9.1.

Input impedance of the Yagi-like
antennas

Characteristics of the different antennas

The following tables summarize the antenna characteristics in terms of resonant frequency
and bandwidth. They are based on the measurement shown in Figure 39, Figure 55, Figure 57
and Figure 58. The results obtained by simulation are also reported. They are based on the
antenna responses given in Figure 41.

Table 16. Characteristics of antenna #1 obtained from measurement and simulation

- Minimum "-10 dB RC" Bandwidth
. Date of Calibration Reflection Frequency at (GHz)
Filename - .
Measurement Number [coefficient (RC)[min. RC (GHz)
(dB) Fmin Fmax
WFR1ANT1 June-03 1 -10.4 45.05 44.9 45.6
WFR1YA1B October-03 2 -8.6 46.4 Null Null
WFR1YAL1C October-03 3 -8.7 45.1 Null Null
WFR2ANT1 June-03 1 -11.35 45.5 44 .95 45.8
WFR2YA1B October-03 2 -10.35 45.65 45.5 46
WFR3YAG1 January-04 4 -10.5 45 447 45.2
Simulation -16.9 45.8 37.3 47.1

Table 17. Characteristics of antenna #2 obtained from measurement and simulation

o Minimum "-10 dB RC" Bandwidth
Filename Date of Calibration Reflection | Frequency at (GHz)
Measurement Number [coefficient (RC)[min. RC (GHz)

(dB) Fmin Fmax
WFR1ANT2 June-03 1 -23.3 44.25 43.85 46.35
WFR1YA2B October-03 2 -14 44.55 43.8 46.4
WFR1YA2C October-03 3 -15.45 44.5 43.75 46.5
WFR2ANT2 June-03 1 -15.9 45.5 44.5 46.3
WFR2YA2B October-03 2 -15.5 45.55 44.7 46.95
WFR3YAG2 January-04 4 -13.3 45.2 44.45 45.9
Simulation -28.6 45.8 35.8 46.95
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Table 18. Characteristics of antenna #3 obtained from measurement and simulation

o Minimum "-10 dB RC" Bandwidth
. Date of Calibration Reflection | Frequency at (GHz)
Filename - .
Measurement Number |coefficient (RC) min. RC (GHz)
(dB) Fmin Fmax
WFR1ANT3 June-03 1 -37.5 44.8 43.6 46.35
WFR1YA3B October-03 2 -23.1 45.2 43.75 46.4
WFR1YA3C October-03 3 -27.5 45.25 43.6 46.5
WFR2ANTS3 June-03 1 -22.3 45.05 44.2 46.4
WFR2YA3B October-03 2 -18.1 45.8 44.3 47.7
WFR3YAG3 January-04 4 -13.3 44.85 43.9 46
Simulation -25.1 45.9 44.2 46.85

Table 19. Characteristics of antenna #4 obtained from measurement and simulation

- Minimum "-10 dB RC" Bandwidth
Filename Date of Calibration | Reflection | Frequency at (GHz)
Measurement Number [coefficient (RC) min. RC (GHz)

(dB) Fmin Fmax
WFR1ANT3 June-03 1 -29.3 45.05 43.7 46.6
WFR1YA3B October-03 2 -17.9 45.25 43.8 46.9

WFR1YA3C October-03 3 -22.6 45.25 43.65 47
WFR2ANT3 June-03 1 -25.4 45.05 43.8 47.7
WFR2YA3B October-03 2 -17.9 45.85 43.5 48.4
WFR3YAG3 January-04 4 -16.9 45.55 43.45 47.55
Simulation -17.8 45.75 44.5 46.6
Appendix 9.2. Input impedance responses of the Yagi-like

antennas

Severa graphs of the input impedance responses of the four Y agi-like antennas are presented
in this sub-appendix. First, the responses of each antenna design realized on different wafers
and measured after different calibrations are shown. The second set of graphs show the
responses of the four antennas realized on the same wafer, and measured after the same

calibration.
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Figure 54. Input impedance of antenna #2 on all wafers measured with different TRL calibrations
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Figure 55. Input impedance of antenna #3 measured on all wafers with different TRL calibrations
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Figure 56. Input impedance of antenna #4 on all wafers measured with different TRL calibrations
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Figure 57. Input impedance of all antennas measured on wafer #2 in October 2003
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Figure 58. Input impedance of all antennas measured on wafer #3 in January 2004
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List of
symbols/abbreviations/acronyms/initialisms

AEHF Advanced Extremely High Frequency
DND Department of National Defence
DRDC Ottawa Defence Research & Development Canada - Ottawa
EHF Extremely High Frequency
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Glossary

Technical term

BGA
BW
CPS
CPW
LTCC
MMIC
Np
OSL
RC

SC
TRL
VNA
VSWR
VTT

DRDC Ottawa TM 2005-055

Explanation of term

Ball Grid Array

Bandwidth

Coplanar Strip

Coplanar Waveguide

Low Temperature Co-fired Ceramic
Monolithic Microwave Integrated Circuit
Neper unit, INp = 20.Log (€) = 8.686 dB
Open-Short-Load (calibration method)
Reflexion Coefficient

Smith Chart

Thru-Reflect-Line (calibration method)
Vector Network Analyser

Voltage Standing Wave Ratio

Valtion Teknillinen Tutkimuskeskus
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